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Electrical and Computer Engineering
ABSTRACT
Light transmission through small apertures has attracted a lot of attention. Only
with the advance of nanofabrication techniques does the study of light transmission
through subwavelength apertures and hole arrays in the visible region becomes possi-
ble. Although there are numerous studies on the extraordinary optical transmission
through hole arrays and potential applications, not much work had been done for the
study of the nonlinear phenomena generated from these subwavelength hole arrays.
In this thesis, advanced nanofabrication techniques, such as electron beam lithog-
raphy, have been utilized to fabricate nanometer scaled hole arrays on very thin
metal ﬁlms. Hole arrays with diﬀerent lattice arrangements, lattice constants and
shapes have been fabricated for measurement. Ultrafast laser pulses generated from
a Ti:Sapphire oscillator and a regenerative ampliﬁer, which is capable of generating
extremely high power laser pulses, are used as the light source for the nonlinear optical
study.
Nonlinear measurements, including second harmonic generation and third har-
monic generation from the fabricated hole arrays, have been performed. Second
harmonic generation studies had been focused on how symmetry plays a role in the
process of generating second harmonic signal. Results show that upon breaking sym-
metry by either the illumination or detection angle, or the symmetry of the aperture
itself, very strong nonlinear signals from the nanohole arrays can be generated. For
third harmonic generation, the symmetry requirement is less restrictive, but follows
the same principle: the highest harmonic signals are produced upon the extraordinary
transmission of the fundamental light. The eﬀects of the adhesion layer, the lattice
arrangements, lattice constant, aperture shape and nonlinear ﬁlling material inside the
apertures have been studied for both second harmonic generation and third harmonic
generation. As preliminary eﬀorts towards generating supercontinuum from these
hole arrays, luminescence from Au has been studied.
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Nonlinear optics is a very young scientiﬁc ﬁeld compared to linear optics, which
possesses a history about as long as that of human beings. We encounter linear optics
from the moment we open our eyes every morning: reﬂection makes it possible for
us to see all kinds of things, scattering makes the sky blue, etc. During all these
phenomena, one important factor has not been changed: the wavelength. This is
also why it is called linear optics. But we do not observe nonlinear phenomena in
our daily life, even when we see diﬀerent colors; we barely see any new wavelength
creation, which is the core of nonlinear optics.
Nonlinear optics allows us to change the color of a light beam, to change its shape
in space and time, and to create ultrashort laser pulses, even to use light to control
light. Why do we not see nonlinear optical eﬀects in our daily life? There are some
simple answers:
1. The light intensities of daily life are too weak, and nonlinear optics usually
needs high intensity light to be observed.
2. Most of the light sources in our daily life, like the sun and light bulbs, are
incoherent.
3. Materials usually have the wrong symmetry for second harmonic generation,
which is the nonlinear phenomenon most likely to occur.
4. Phase-matching is often required, which does not usually happen naturally.
In this chapter, we are going to brieﬂy introduce light matter interaction and
fundamental nonlinear deﬁnitions. Why we would be interested in the study of
nonlinear phenomena from subwavelength metallic hole arrays is also discussed in
2the “Motivation” section. The outline of this thesis work is also given at the end of
this chapter.
1.1 Light Matter Interaction
When light travels through a medium, its electric ﬁeld introduces a response in
the medium, which can be described by the constitutive equations.1
B = μ0μ H
D = 0 E
J = σ E (1.1)
Consequently, the medium interacts with the optical ﬁelds, governed by Maxwell’s
equations.
× E = −∂
B
∂t
× H = ∂
D
∂t
 · D = 0
 · B = 0. (1.2)
According to classical electrodynamics, the electric displacement D introduced by an
external applied electric ﬁeld E is described as,
D = 0 E = 0 E + P (1.3)
Here P is the induced dipole moment per unit volume, or polarization. The wave


















≈ −2 E valid for a homogeneous, isotropic
medium.
1.2 Nonlinear Optics
Nonlinear optics deals with phenomena in which the optical parameters of mate-
rials are changed with irradiation by light. In general, this requires very high optical
3intensities usually coming from high power lasers. This explains why nonlinear optics
did not appear before the invention of laser and develops in parallel with the advance
of the laser technologies. Since then, nonlinear optics has greatly impacted many
ﬁelds in science and technology, ranging from our fundamental understanding of light
matter interaction to a wide variety of applications such as frequency conversion and
optical switching.
A material system is said to be “nonlinear” because it responds to an applied
optical ﬁeld E˜(t) (starting from here, we use tilde to denote a quantity that varies
rapidly in time) in a nonlinear manner upon the strength of the optical ﬁeld. The
induced polarization P˜ of a material system is the mathematical description of this
nonlinearity, and it plays a key role in the nonlinear optical phenomena because a
time-varying polarization can act as a source of new components of the electromag-
netic ﬁeld.2 In the case of conventional linear optics, the induced polarization depends
linearly on the electrical ﬁeld, described by the following relationship 3
P˜ (t) = 0χ
(1)E˜(t) (1.5)
where the dimensionless constant χ(1) is the linear susceptibility. When the incident




(3)E˜3(t) + · · ·
≡ P˜ (1)(t) + P˜ (2)(t) + P˜ (3)(t) + · · · (1.6)
χ(2) and χ(3) are the second and third order nonlinear optical susceptibilities, with
units m/V and m2/V 2, respectively. The wave equation for nonlinear optics is then
described as equation 1.7 with P˜NL as the driving term.











When the ﬁelds are treated as vectors, χ(1) will be a second rank tensor with 9
elements, χ(2) a third rank tensor with 27 elements and χ(3) a fourth order tensor
with 81 elements. The values and properties of the susceptibility tensors depend on
the symmetry of the medium, which may reduce the number of independent and
nonzero elements of the tensors.2 For example, for all centrosymmetric crystals and
4isotropic media (gases, liquids and amorphous solids), all even order susceptibility
tensors (χ(2), χ(4), · · · ) must be zero.
In general,4 the magnitude of χ(n+1) is approximately equal to χ(n)/Eatm, where
Eatm is the atomic electric ﬁeld, and Eatm ∼ e/a02 ∼ 5× 1011V/m. Thus, the eﬀect
of χ(2) is a factor of E˜/Eatm smaller than χ
(1). This explains why the nonlinear eﬀect
could only be discovered only after the invention of the laser, which delivers a high
electric ﬁled comparable to the atomic ﬁeld.
In the frequency domain, the electric ﬁeld of the incident light, the real quantity
of a physical ﬁeld, is usually expressed as,
E˜(t) = Ee−iωt + E∗eiωt
= Ee−iωt + cc (1.8)
Here cc is the complex conjugate of the preceding term. The nonlinear polarization




+2χ(2)lmn(ωi;ωj, ωk)Em(ωj)En(ωk)δ(ωi;ωj + ωk)
+6χ(3)lmno(ωi;ωj, ωk, ωh)Em(ωj)En(ωk)Eo(ωh)δ(ωi;ωj + ωk + ωh)
+ · · · (1.9)
The delta functions in equation 1.9 determine which nonlinear process is happening.
For example, from the term Pl
(2)(ωi) = 2χ
(2)
lmn(ωi;ωj, ωk)Em(ωj)En(ωk)δ(ωi;ωj + ωk),
we may have one of the following second order nonlinear eﬀects:
• χ(2)(ωi;ωj, ωk), optical three wave mixing, which includes sum and diﬀerence
frequency generation,
• χ(2)(2ω;ω, ω), optical second harmonic generation or frequency doubling,
• χ(2)(ω; 0, ω), linear electrooptics or Pockels eﬀect,
• χ(2)(0;ω,−ω), optical rectiﬁcation,
• χ(2)(ωj + ωk;ωj, ωk), frequency upconversion,
5• χ(2)(ωj − ωk;ωj,−ωk), parametric oscillation.
And from the term Pl
(3)(ωi) = 6χ
(3)
lmno(ωi;ωj, ωk, ωh)Em(ωj)En(ωk)Eo(ωh)δ(ωi;ωj + ωk + ωh),
we have the following third order nonlinear processes:
• χ(3)lmno(ωi;ωj, ωk, ωh), optical four wave mixing,
• χ(3)lmno(3ω;ω, ω, ω), optical third harmonic generation,
• Reχ(3)lmno(ω;ω, ω,−ω), nonlinear refractive index,
• Imχ(3)lmno(ω;ω, ω,−ω), two photon absorption,
• Imχ(3)lmno(ωs;ωl,−ωl, ωh), stimulated Raman scattering,
It is clear that second harmonic generation and third harmonic generation are just
a small part of a big family of nonlinear optics phenomena.
1.3 Applications of Subwavelength Metallic Aperture
Subwavelength metallic apertures are known to possess interesting characteris-
tics. Even though more work needs to be done to fully understand the transmis-
sion properties of subwavelength apertures, there are many remarkable applications
demonstrated by utilizing these subwavelength apertures. Here are a few examples.
• Bio-molecule analysis : Information from a single molecule5 can give some
insights about kinetic processes not normally accessible by ensemble measure-
ments. In order to optically observe the dynamics of a single molecule, it
requires picomolar to nanomolar concentrations of a molecule in order to isolate
individual molecules,6 7 However, many biological processes occur at micromolar
concentrations. So, a three order dilution is needed to observe single molecule
dynamics while reserving a relatively high concentration of molecules for the
reactions to occur. The subwavelength holes or hole arrays act as small reaction
chambers containing on average a few molecules, but reducing observation
volume from the femotoliter (obtained by a standard confocal microscope) to
the attoliter or zeptoliter range (10−18 or 10−20).8
6• Bio-molecule sensing : In biomedical and biochemical research and applications
for the characterization and quantiﬁcation of binding events, surface plasmon
resonance (SPR) sensors9 made from arrays a subavelength metalic nanohole
arrays are superior to the traditional Kretschmann conﬁguration,10 which is gen-
erally operating in total internal reﬂection mode. Since this new sensor operates
in transmission mode, it allows for a simpler collinear optical arrangement and
provides a smaller probing area than the typical Kretschmann conﬁguration.
• Nanolaser Technology : The very small aperture laser (V SAL)11 is one eﬀective
method to obtain a promising nanometric light source. The V SAL is basically
an edge-emitting ridge waveguide laser or laser diode embedded between a high
reﬂectivity back facet coating and a low reﬂectivity front facet coated with
multilayer dielectric and metal layers, which are designed to maximize the power
output and feedback sensitivity in reﬂection for the V SAL during operation.
Then, an aperture with the desired shape and size (usually tens or hundreds
of nanometers) is created on the metal ﬁlms as the laser output. It has great
potential applications in high-density optical data storage,11 scanning near-ﬁeld
optical microscopes,12 nanolithography13 and so on.
1.4 Surface Plasmon Polaritons
Surface plasmons are electromagnetic surface waves bound to metal-dielectric
interfaces, having their maximum in the metal surface with exponentially decaying
ﬁelds perpendicular to it14 (on both sides of the interface), as illustrated in Figure 1.1.
When surface plasmons are excited, the direct macroscopic phenomenon is strong
light absorption by the metal, and sharp drop of the reﬂected power. The surface
plasmon resonance can be thought of as the coherent oscillation of the conduction
band electrons induced by interaction with an incoming electromagnetic ﬁeld.15
Surface plasmons can only be excited at such an interface if the dielectric displace-
ment D of the electromagnetic mode has a component normal to the surface which
can induce a surface charge density σ.
7Figure 1.1: Surface plasmons are oscillating modes at the metal:dielectric surface,
with maximum at the surface and exponentially decaying ﬁelds at both sides.
( D2 − D1) · z = 4πσ (1.10)
S-polarized light propagating along the x-direction (TE) that possesses only an electric
ﬁeld parallel to the y direction, or Ei = (0, Ey, 0), is not able to excite surface
plasmons. Only P-polarized light (TM) with Ei = (Ex, 0, Ez), can couple to such
modes.
The ﬁelds in metal (1) and air (2) can be described as the following:14
for air (medium 2), z>0
H2 = (0, Hy2, 0)e
i(kx2x+kz2z−ωt) (1.11)
E2 = (Ex2, 0, Ez2)e
i(kx2x+kz2z−ωt) (1.12)
for metal (medium 1), z<0
H1 = (0, Hy1, 0)e
i(kx1x−kz1z−ωt) (1.13)
E1 = (Ex1, 0, Ez1)e
i(kx1x−kz1z−ωt) (1.14)
These ﬁelds must fulﬁll Maxwell’s equations:








∇ · iEi = 0
∇ ·Hi = 0. (1.15)
And the continuity relations:
Ex1 = Ex2
Hy1 = Hy2
1Ez1 = 2Ez2 (1.16)
So















This leads to the only nontrivial solution if the determinant D0 of equation














This equation indicates that surface electromagnetic modes can only be excited
at interfaces between two media with dielectric constants of opposite sign. For a
dielectric medium, the dielectric constant d is positive, so the metal in contact with
9the dielectric medium has to be negative. For noble metals, the real part of the
complex dielectric functions is negative. This explains why surface plasmon studies
were all performed with noble metals. As an example, Figure 1.2 shows the dielectric
















Surface plasmons can be excited by electrons by transferring energy from the
incident electron to the ones in the solid.14 They can also be excited by light. In the
case of surface plasmons excited by light, the dispersion relationship of the surface
plasmons lies on the right of the light line (kSP < ω/c). Because of the diﬀerence of
the wavevectors for the incident laser from air and the surface plasmon on the surface,
Figure 1.2: Experimentally measured dielectric constant from a thin puttered Au
ﬁlm used in the calculations in later chapters. The negative real part of the Au
dielectric constant satisﬁes equation 1.21, and enables the excitation of the surface
electromagnetic waves on the metal-dielectric interfaces.
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the incident light can not be directly coupled into surface plasmons. Some coupling
methods have to be used to match the momentum to couple the light into the surface
plasmon modes. The methods commonly used are end-ﬁre coupling, prism coupling
and grating coupling.16 In the case of metallic subwavelength hole arrays, the hole
array serves as a two-dimensional grating to couple the light into surface plasmon
modes.
1.5 Extraordinary Transmission from Subwavelength
Apertures and Hole Arrays
The pioneering works on light transmission through small apertures were focused
on a single aperture because of its enormous applications. With the reduction of
the aperture size, one can achieve higher spatial resolution, but it suﬀers from a
power law loss (∝ (d/λ)4) of the transmitted power.17 18 Even for an array of holes,
the throughput scales linearly with the number of apertures, because no interaction
between the holes was taken into consideration except the interference from the holes.
A decade ago, Ebbesen19 found out that by surrounding a single aperture with
periodically spaced corrugations, the optical transmission could be strongly enhanced
at wavelengths corresponding to the period spacing. Since then, there are many
experimental20 21 22 23 24 25 and theoretical studies26 27 on the transmission properties
of a single subwavelength aperture surrounded by periodic surface corrugations.
Unlike the single aperture transmission, the breakthrough of the extraordinary
optical transmission (EOT ) from subwavelength hole arrays came with the publica-
tion of T. W. Ebbesen’s famous Nature paper.28 The extraordinary transmission of
this work was believed to be enhanced by exciting the surface plasmon modes. For
surface plasmons on a two-dimensional lattice, the momentum conservation is given
by,
Ksp = Kxxˆ+ iGxxˆ+ jGyyˆ (1.24)
where Ksp is the surface plasmon wavevector, Kx = (2π/λ0)sinθ is the component of
the wavevector of the incident light that lies in the plane (θ = 0 for normal incidence),
Gx and Gy are the reciprocal lattice vectors of the two-dimensional photonic crystal,
and i and j are integers. In the case of a square lattice with lattice constant a0, the
11























































and this equation predicts the location of the extraordinary transmissions.
Taking the Ebbessen’s Nature paper as an example, we can see how well the
theory is matching with the experimental results.
According to the surface plasma theory, the surface wave can be excited on both
side of the noble metal ﬁlm upon laser excitation. On the air-metal surface, the
refractive index of air is constant, 1. The refractive index of noble metal (Ag in
this paper) is wavelength dependent, and can be easily obtained from an online
resource: http://refractiveindex.info/. According to the surface plasma theory, the
extraordinary transmission wavelength can be calculated and is listed in Table 1.1.
On the metal-glass surface, the refractive index of glass is constant, 1.47, and the
extraordinary transmission wavelength can be calculated and listed in Table 1.2.
Figure 1.3 shows the peak positions of the surface plasma modes from the two
diﬀerent interfaces. It is clear that the experimental results match the calculations
very well.
Table 1.1: Calculated extraordinary transmission wavelength for surface wave
excited on the metal-air interface.
Mode Numbers (i,j) (1,0) (1,1) (2,0) (2,1)
Calculated peak λ nm 885.6 652.6 476.9 442.8
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Table 1.2: Calculated extraordinary transmission wavelength for surface wave
excited on the metal-glass interface.
Mode Numbers (i,j) (1,0) (1,1) (2,0) (2,2)
Calculated peak λ nm 1378.0 953.7 729.3 516.6
Figure 1.3: The calculated extraordinary transmission peak wavelengths on the
metal-air interface (left) and the metal-glass interface (right) are marked out and
pointed to the position they should appear on the wavelength spectrum.
After Ebbessen’s work, there has been increasing interest in the study of extraor-
dinary transmission from metallic hole arrays. As an example of this, in 1999,29
Ebbesen patented this observation and today, there are another 73 citing patents.30
Later, Thio et al.31 studied normal transmission from square latticed Cr hole arrays.
A. Nahata32 and J. Bravo-Abad33 found that the periodicity is not a necessity to
get the extraordinary transmission either in the terahertz or optical regime with a
quasiperiodic hole array. Quite a lot work on the eﬀect of aperture shape has also been
done,3435 and it is normally considered that square holes are considerably better than
round holes owing to the localized surface plasmons associated with the hole shapes,
and rectangular shapes are better than circles or squares for the same reason. A “C”
shaped aperture36 is probably another good choice for the extraordinary transmission.
Diﬀerent materials have also been studied, even though gold and silver are normally
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considered as good metals, extraordinary transmission is also observed from Cr31 and
Cu.39 The thickness of the ﬁlm40 41 also plays an important role in the extraordinary
transmission. As ﬁlm gets thicker, the surface plasmons on the two surfaces become
uncoupled and the transmission decreases exponentially.
In all of these cases, it is believed that the incident radiation at a speciﬁc wave-
lengths is coupled to surface plasmon polariton modes via the grating properties of the
periodically structured metal surfaces. The surface propagating waves at the resonant
wavelengths form standing wave patterns with local maxima at the location of the
apertures. This then leads to enhanced transmission at the resonant wavelengths.
More generally,42 extraordinary transmission can occur in the following ways:
when the incident light can be coupled to a surface plasmon mode supported by
the incident surface, the enhanced ﬁeld associated with the surface plasmon mode
increases the probability of transmission through the holes, where it is again scattered
by the periodic array to produce light. When the incident light cannot be coupled to
a surface plasmon mode on the incident side, instead, the matching conditions allow
weakly transmitted light through the array to couple to a surface plasmon mode
on the output side. Then, the enhanced electric ﬁeld associated with the surface
plasmon mode increases the probability of transmission, and subsequent scattering
again results in transmitted light. Sometimes, the coupling conditions might be
satisﬁed on both sides simultaneously, then, the transmission will be greatly enhanced.
1.6 Wood’s Anomaly from Subwavelength Apertures
and Hole Arrays
The minima on the transmission spectrum were widely believed to be associated
with Wood’s anomaly, which occurs when the diﬀracted light becomes tangential
to the sample surface. According to surface plasma theory and following similar
mathematics, the wavelength minima positions for the two interfaces are given by the







Table 1.3: Calculated Wood’s anomaly wavelength on the metal-air interface.
Mode Numbers (i,j) (1,0) (1,1) (2,0) (2,1)
Calculated peak λ nm 900.0 636.4 450.0 402.5
Table 1.4: Calculated Wood’s anomaly wavelength on the metal-glass interface.
Mode Numbers (i,j) (1,0) (1,1) (2,0) (2,1)
Calculated peak λ nm 1322.7 935.3 661.4 591.5
Figure 1.4 shows the Woods anomaly from Ebbessen’s same Nature paper, and
the anomaly locations are marked with their corresponding modes.
1.7 Motivations
Since surface plasmons describe the ﬂuctuations of the surface electron densities,
they are very sensitive to the surface condition on the nanometer scale. Therefore, it
is no wonder they have been widely used to study the surface nonlinearities,44 45 46
47 and surface enhanced Raman scattering, for optical tagging,48 glucose detection,49
Figure 1.4: The calculated Wood’s anomaly wavelengths on the metal-air interface
(left) and the metal-glass interface (right) are marked out and pointed to the position
they should appear on the wavelength spectrum.
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DNA and RNA detection.50 For nanometer scaled surfaces, like nanoparticles and
nanoapertures, the surface plays a more important role than bulk.
There are intensive works on nonlinear optical study on surface and interfaces, and
many applications utilizing the nonlinear second harmonic generation from surfaces.
With the advance of nanolithographic technology, there are also many studies on
second harmonic generation from nanoparticles.
Even though there are intensive studies on the metallic subwavelength hole arrays,
most of them are focused on the linear regime. But for nonlinear study, especially for
second harmonic generation, third harmonic generation and supercontinuum genera-
tion, there are only limited cases.
As a natural expansion of their work on the linear extraordinary transmission, A.
Nahata23 performed the very ﬁrst work of second harmonic generation in the visible
region from a single hole surrounded with periodically structured surface corrugations.
The fundamental radiation near the vicinity of the aperture has been enhanced by a
factor of more than 100 times, and the second harmonic generation increased by a
factor of about 104 compared to a similar bare aperture without the corrugations. A
similar work51 reported a little bit earlier with a simple metal aperture also exhibited
enhanced second harmonic generation.
M. Airola52 studied second harmonic generation from metallic subwavelength hole
arrays for the ﬁrst time. They had used a square lattice and disordered round
hole arrays. All the samples showed strong second harmonic signal with strong
angular dependence. Because of the coherent nature of the interaction among the
periodic apertures, the square lattice arrays showed well-deﬁned peaks for both the
fundamental and second harmonic signals, with peak positions following to each other,
at positions where the surface plasmon resonance occurred.
J. A. H. van Nieuwstadt53 investigated the inﬂuence of the aperture shapes on
second harmonic generation with rectangular hole arrays with diﬀerent aspect ratios.
At certain aspect ratios, they observed about two orders of magnitude higher second
harmonic signal than other shapes and they attributed this modiﬁcation to slow
propagation of the fundamental wavelength through the holes close to the hole cutoﬀ
wavelength.
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A. Lesuﬄeur54 55 fabricated an array of double holes with two adjacent holes
overlapping to each other, so there are two apexes in the middle of the double holes.
They found out that the double holes generated much higher second harmonic signal.
Also, the nonlinear enhancement peaks when the double holes have an aspect ratio
at 2 : 1, which is essentially the same results as J. A. H. van Nieuwstadt.
Most recently, N. Feth56 reported second harmonic generation from complemen-
tary split ring resonator arrays (SRRs in which the metal in the sample plane is
replaced by air). Upon the fundamental plasmonic resonance, both the electric and
magnetic ﬁelds are strongly localized inside the gap of the resonators, which in turn
greatly enhances the conversion eﬃciency of second harmonic generation.57 58
To our knowledge, we have not found any publication on third harmonic generation
or supercontinuum generation from metallic subwavelength hole arrays except the
second harmonic generation studies mentioned above.
Based on all the works on nonlinear optical studies on metallic subwavelength
hole arrays, none of them have systematically studied how the symmetry aﬀects
the generation of second or third harmonic generation and even supercontinuum
generation, and some other factors related to the hole arrays would aﬀect the nonlinear
performance. This sets the goal for this work.
1.8 Thesis Overview
In Chapter 2, I have brieﬂy introduced the most widely used nanofabrication
techniques. Most of the contents of this chapter focus on electron beam lithography
(EBL). With the restricted facility availability at the University of Utah at the time,
we have managed to obtain resolution to the problems associated with the nanolithog-
raphy, mainly nanohole array fabrication. Decent samples have been fabricated with
this method which provided the samples for the nonlinear optical study for this work.
In the end, I have also discussed one of the other nanofabrication methods we have
used –FIB, along with some sample images fabricated with this method.
In Chapter 3, the other necessity for nonlinear optical generation – the ultrafast
high power laser, and some techniques for generating and characterizing the ultrashort
pulses are brieﬂy discussed. The experimental setups and measurement techniques,
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especially the procedures for sample alignments, used to perform the nonlinear optical
measurements have been discussed in a detailed manner because of the speciﬁc
measurements used in this work.
In Chapter 4, the results of second harmonic generation from subwavelength hole
arrays are presented. We have used diﬀerent methods to break the symmetry to create
nonzero second order susceptibility, and generated the second order harmonic signal
on all the samples we have studied. In this chapter, we have only studied second
harmonic generation from an average lattice constant of about 800nm, which is the
central wavelength of our light source. For most of the work in this part, only round
shaped hole arrays were used, but nonsymmetric hole arrays are also used to study
the eﬀect of aperture shape on the second harmonic generation.
In Chapter 5, we have studied third harmonic generation from the same kind of
nanohole arrays. Even though the measurement techniques we have used are the
same, quite diﬀerent results have been obtained for third harmonic generation from
the hole arrays even though it is a nonlinear process with much lower conversion
eﬃciency.
In Chapter 6, we have studied some of factors that aﬀect both second harmonic
generation and third harmonic generation in diﬀerent ways. We have varied the period
of the lattice to change the resonant frequency of the surface plasma polaritons, used
diﬀerent adhesion layers to study the eﬀect of the adhesion layers to the nonlinear
processes, ﬁlled the hole arrays with diﬀerent nonlinear materials trying to enhance
the nonlinear conversion and we also used hole arrays with diﬀerent sizes and shapes
to study the roles the aperture played on the second and third harmonic generations.
In Chapter 7, we reviewed our early eﬀorts of generating a supercontinuum from
the metallic subwavelength hole arrays, and presented some of our results towards
supercontinuum generation. We believe all the results obtained so far are lumines-
cence from metal, and there is still more work to do to achieve the supercontinuum
generation.
Finally, in Chapter 8, we proposed some directions in which future research could
go and some possible outcomes this research might lead to.
CHAPTER 2
SAMPLE FABRICATION
Since we are working in the visible optical region (380nm to 750nm), the spacing
between the nanoholes should be designed in that range accordingly. Ideally, smaller
spacing (∼ λ) will allow lower order coupling to occur. However, because of the
capability we have on campus, it is very diﬃcult to make our holes smaller than
200nm, so the spacings were designed to be about 800nm. For most of our samples,
we have used the electron beam lithography (EBL) and dry etching methods for
fabrication. However, it turns out that focused ion beam (FIB) lithography might
be a better method for nanohole array fabrications.
In this chapter, I am going to brieﬂy introduce the most widely used nanofabri-
cation technologies and describe how we have fabricated metallic hole arrays in more
detail.
2.1 Nanofabrication Techniques
According to the diﬀerent light source used, nanofabrication can be categorized
as photolithography, electron beam lithography, or laser interference lithography, etc.
All the processing steps are pretty much the same except for the light sources and
hence the resists. In general, a nanofabrication iteration includes the following steps:
1. Wafer preparation
In this ﬁrst step, the wafers to be patterned are thoroughly cleaned to remove
any contamination, baked to remove moisture and sometimes an adhesive pro-
moter is applied to promote adhesion of the photoresist to the wafers. In some
cases, a thin antireﬂection layer is applied to reduce reﬂections within the resist.
2. Photoresist application
Photoresist is dispensed on the wafer and spin coated. The spinner is usually
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running at several thousand RPM to ensure that the wafer is uniformly covered.
The coated wafer is then baked (soft bake) to drive oﬀ excess solvents and glassfy
the resist.
3. Photoresist exposure
The wafer is then exposed to diﬀerent light sources, either through a mask or
not, depending on the method used, which distinguishes the diﬀerent types of
nanofabrication.
4. Photoresist development
The exposed wafer is immersed into a developer to either remove the exposed
area (for positive tone photoresist), leaving a “positive” image, or the unexposed
area (for negative tone photoresist), leaving a “negative” image.59 The desired
pattern is thus generated on the resist.
5. Etching or metalization
Depending on diﬀerent applications, metalization or etching is carried out after
developing the resist. During metalization, a thin metal ﬁlm is thermally
evaporated or sputtered on the surface of the chip, and the metal ﬁlm will
ﬁll out all the open areas. For the etching, the remaining resist will serve as the
protection and the open areas will be etched away.
6. Photoresist removal
This is generally the ﬁnal step. The wafer is immersed into a photoresist strip-
ping solution to dissolve away the remaining photoresist. In the metalization
case, only the metals inside the holes will survive and all the ﬁlms on top of
the resist will be stripped away, which is called lift-oﬀ. In the etching case, the
pattern on the resist will be transfered to the layer underneath it.
Another nanolithographic technique, focused ion beam lithography, is fundamen-




Photolithography60 (also called optical lithography) is currently the most widely
used technology for industrial integrated circuit manufacturing. It is similar to
photography in the way that the patterns generated are created by exposure to
light, but is more complicated by means of mask making, and other postexposure
procedures.
The minimum feature size that can be achieved by photolithography is limited by
the wavelength of the light source used, also known as the diﬀraction limit. By using
some new technologies like optical projection lithography and immersion lithography,
sub-30 nm feature size61 62 has been achieved with photolithography. Figure 2.1
schematically shows the types of photolithography techniques most commonly used.
UV light is generally used as the light source to expose the resist on an aligner.
According to the diﬀerent light used, photolithography is characterized as “g-line”
(436nm) or “i-line” (365nm). Recently, lithography has moved to the “deep ultravi-
olet” region, with a 248nm line produced by a Krypton Fluoride laser, and 193nm
by an Argon Fluoride laser. A photomask has to be used to block the undesired light
and only part of the light gets through. In order to minimize the diﬀraction eﬀect
from the photomask, the patterned side of the photomask has to be placed close to
Figure 2.1: A schematic block diagram shows the idea of photolithography and the
three primary exposure methods: contact, proximity, and projection.
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the wafer. The passed UV light will cut the bonds of the positive resist molecules
and make the exposed areas more dissolvable, but it will cross-link the exposed areas
for negative resist, which makes the exposed area less soluable in developer.
2.1.2 Electron Beam Lithography
The light source for electron beam lithography is a focused beam of electrons.
When the electrons are accelerated by an applied electrical ﬁeld, usually with a high






For 10 ∼ 50 kilovolts accelerating voltage, the wavelength of the electron beam is
in the range of 0.2 ∼ 0.5 angstroms, which is very short for lithography.
Figure 2.2 shows a block diagram of a typical electron beam lithography system.
The column is responsible for forming the electron beam with various electron lenses.
Figure 2.2: A schematic block diagram shows how the electron beam lithography
has been carried out. It looks similar to the scanning electron microscope but only
has the imaging capability of SEM.63
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The computer sends out the designed pattern to the pattern generator, which converts
the digital signal to an analog signal to control the deﬂection shutter, and determines
when and where to let the electron beam pass through, or to expose the resist.
Commercial electron beam lithography systems are of high performance but very
expensive. For example, a middle grade system from Leica or JEOL normally costs
between $3 ∼ 5 million and a top grade system such as JBX-9300FS or VB6-UHR can
cost from $6 ∼ 9 millon. A cheaper solution for EBL is to modify an existing scanning
electron microscope, like JC Nabity Lithography Systems, which is the one used in
the University of Utah. For an EBL system integrated on a SEM which also provides
the electron source, the electron beam can be scanned over a surface with a very small
diameter beam. Therefore, there is no mask needed for nanolithography. An EBL
system simply “draws” 65 the pattern over the resist using the electron beam as its
drawing pen. Thus, EBL systems produce the resist pattern in a “serial” manner,
making it slow compared to optical systems.
The resolution of electron beam lithography is not limited by the light source
because of the extremely short wavelength, but by other factors, such as electron
scattering in the resist and by various aberrations in its electron optics. And the
electron beam works exactly the same way to either break or cross-link the positive
and negative resists.
2.1.3 Laser Interference Lithography
As stated in its name, laser interference lithography uses a laser as its light source.
A shorter wavelength is preferred to make smaller structures, but practically, a UV
laser radiating at 364nm is widely used for consideration of alignment.
One of the most common laser interference lithography conﬁgurations is called
Lloyd’s Mirror66 setup shown in Figure 2.3. The Lloyd’s Mirror setup uses construc-
tive and destructive interference to create a sinusoidal intensity proﬁle of exposure on
the resist. This works due to the fact that half of the beam reﬂects oﬀ the mirror and
onto the sample. That reﬂection changes the angle of the beam. As a result, when
the reﬂected and incident beams meet on the face of the sample, the constructive and
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Figure 2.3: The Lloyd’s Mirror setup uses a perpendicularly positioned mirror (to
the sample) to reﬂect half of the incident light to the resist and interferences with the
directly incident light, exposing the constructive interference areas.
destructive interference create a sinusoidal intensity pattern to expose valleys into the
resist.





where Λ is the period of the grating created on the resist, λ is the wavelength of the
incident light and θ is the incident angle.
The primary advantage of the Lloyd’s Mirror is that the spatial period of the
exposed gratings can be easily and continuously varied from many microns down to a
half wavelength simply by rotating the stage without realigning the optical path. This
has opened the door to new possibilities such as varied aspect ratio grids (diﬀerent
periodicities in the two axes of the grid) for patterned magnetic media and MRAM
(Magnetic Random Access Memory) devices.
From equation 2.2, it is clear that the minimum spacing of the Lloyd’s Mirror is
half the wavelength but the minimum feature size can actually be made smaller than
this by tuning the exposure conditions.
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2.2 Sample Fabrication with EBL
Most of the samples used in this work were fabricated with electron beam lithog-
raphy and focused ion beam lithography. Quartz, rather than the ordinary glass, was
used as a substrate to minimize the absorption for the generated shorter wavelengths,
and also for the consideration of any inﬂuence from possible luminescence. The task
of nanofabrication is to produce hole arrays on 100nm gold ﬁlms with about 800nm
period. This fully deﬁnes the methods used in this work.
2.2.1 General Procedures of EBL
An electron beam lithography process usually includes all the following steps.
1. Substrate preparation
Quartz slides were diced to about 12.5mm by 10mm for easy handling in the
following fabrication and measurement steps. The diced chips were ﬁrst cleaned
with RCA I for 15 minutes: 50ml H2O2 + 50ml NH3OH + 250ml de-ionized
water heated to 75 ◦C. This is intended to remove any organic contamination
from the substrates. After rinsing with DI water for couple of times, the chips
were cleaned with RCA II for another 15 minutes: 50ml H2O2 + 50ml HCl
+ 250ml de-ionized water heated to 75 ◦C, which is intended to remove any
inorganic contamination from the substrates. The chips were then DI water
rinsed and blown dry with compressed N2.
2. Metal ﬁlm deposition
5 nm Cr was sputtered67 as an adhesion layer because gold usually did not stick
to quartz. Without breaking the vacuum of the sputtering chamber, 100nm gold
ﬁlm was sputtered on top of the thin Cr layer.
3. Resist application
A small drop of Zep520A resist was dispensed on the metal ﬁlm coated chip and
the spinner was set to run at 6000 RPM for 1 minute. This results in a uniform
resist ﬁlm with a thickness of about 300nm. The coated chips are then baked
on a hot plate at 180 ◦C for 5 ∼ 10 minutes to drive oﬀ the excessive solvent.
Zep520A was chosen in this work for the following reasons:
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(a) Zep520A was developed as a replacement for PMMA resist.68 It possesses
as high resolution and high contrast as PMMA, and 10nm lines with 59nm
pitch69 have been obtained by using it.
(b) Zep520A has much higher sensitivity than PMMA. At 20kV acceleration
voltage, its sensitivity is about 20 ∼ 50 μC/cm2, which is 5 ∼ 10 times
higher than PMMA (about 50 ∼ 100 μC/cm2). This makes the exposure
much faster and saves time since electron beam lithography is a very slow
process.
(c) The most important reason for using Zep520A in this work is that its
selectivity in plasma dry etching is comparable to most of novolak-based
photoresists, which is at least ﬁve times better than PMMA.
4. Electron beam lithography
The coated chips were then loaded into the SEM chamber to perform the
electron beam lithography. The EBL system used at the University of Utah
is a modiﬁed scanning electron microscope, LEO StereoScan 440i, equipped
with a JC Nabity Lithography System.
5. Resist development
After exposure with the electron beam, the chips were then dipped into the de-
veloper called ZED−N50, manufactured from the same company as ZEP520A,
for 2 minutes, then rinsed with Isopropyl Alcohol (IPA) for 1 minute, and blown
dry with compressed N2. Only after this step done, it become safe to expose
the chips to white light. Because ZEP520A is sensitive to white light, all the
previous steps should avoid any white light exposure. During transportation,
the chips should be wrapped with aluminum foils.
6. Gold ﬁlm etching
With the protection of the resist, Ar ion milling was carried out to etch away
the exposed gold and ﬁnally created the needed hole arrays. We have found
out that Cl2 reactive ion milling (RIE) did not do a good job etching gold. As
a matter of fact, Ar ion milling works much better since gold ﬁlm is relatively
soft. So far, we have not found a way to etch other denser ﬁlms yet, such as Al.
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7. Resist removal
After Au was etched through, the resist was removed to expose the ﬁlm and
the etched structures. The chip was put into a stripper solution “RemoverPG”
from MicroChem Crop, heated to 180 ◦C with a hotplate. Most of the resist
should be stripped oﬀ and the heated solution could be placed in an ultrasonic
bath for a few minutes if necessary. Rinse oﬀ any residue of the stripper with
DI water, and sequentially rinse the sample with Acetone, Isopropyl Alcohol
and Methanol for a couple of times, then blow dry with compressed N2. This
ends the sample fabrication process.
2.2.2 Problems with EBL
There are a few problems associated with the lithography and dry etching. Since
the electron beam lithography involves many steps, there are problems associated
with some of the fabrication processes. Almost all the problems are related to the
etching process.
2.2.2.1 Choice of Resist
The unexposed resist served as a mask to etch the exposed area, and 300nm resist
(like PMMA) usually can not last long enough to etch through 100nm gold ﬁlm. On
the other hand, the resist can not be made thicker since thicker resist will signiﬁcantly
reduce the resolution. This problem was overcome by utilizing Zep520A, which has
much better etching resistance than PMMA.
2.2.2.2 “Enlarging” Eﬀect
Figure 2.4 shows the “enlarging” eﬀect caused by the dry etching process. The Ar
ion milling is an isotropic process and when the charged ions hit the bottom of the
holes, the ions that bounced back also hit the wall in all directions, which expanded
the holes horizontally and made the holes much larger than they were originally
written on the resist. This problem can not be avoided but only be slightly reduced
by lowering the kinetic energy of the ions.
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Figure 2.4: The AFM images showing the “enlarging” eﬀect caused by the etching
process, mainly by the wet etch process. The left image shows the AFM scan of
“donut” structures right after resist development, and the right one shows the image
with all the fabrication process was ﬁnished. The trenches have been largely expanded
and it is very hard to control the exact width of the trenches with this fabrication
technique.
2.2.2.3 Surface Contaminations
The more challenging problem is shown in Figure 2.5. During the etching process,
some of the resists got reﬂoated and resputtered on the metal surfaces. And some of
the etched metal ﬁlms also redeposited around the holes, forming a ring surrounding
each hole. These deposition could not be stripped oﬀ by any means, such as heated
strippers, ultrasonic bath orO2 plasma, etc.
The solution to this problem is to use a sacriﬁcial layer which will have all the
resputtering materials deposited onto its surface, and it will take all the contamina-
tions away upon removal, under wet etching. At the same time, this layer should also
be hard enough to hold for a long time to mill through the gold ﬁlms.
We have tested quite a few ﬁlms, like SiO2 and SiNx, but we found Cr to be the
best choice. Unlike SiO2 and SiNx, which are grown by PECV D (plasma enhanced
chemical vapor deposition) in a diﬀerent machine at a high temperature (at 300 ◦C),
one of the advantages of using Cr is that Cr can be sputtered in the same chamber
without breaking vacuum. Another important factor is the Cr wet etchant etches Cr
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Figure 2.5: Images of ﬁnished all the fabrication processes. The surfaces of the gold
ﬁlm after removing resist show contaminations everywhere and a “ring” surrounding
each hole. By comparing the left image in Figure 2.4, there are undesired deposits
on the surface, and no good method to remove.
only and it has no eﬀect on gold and quartz, but anything etching SiO2 and SiNx
is likely to etch quartz. However, the potential problem is that the wet etchant may
also attack the adhesion Cr layer. If other materials are used as the adhesion layer,
this method will work better.
Based on the above discussions, we have chosen 20nm Cr as the hard mask. This
hard mask layer was sputtered right after the 100nm gold ﬁlm without breaking the
vacuum.
2.2.3 Summary of EBL Process
With all the previous discussion in mind, the nanohole array fabrication process
can be described by the following diagrams.
1. Substrate Preparation and Metal Films Deposition
This step is shown in Figure 2.6.
2. Resist Application
This step is shown in Figure 2.7.
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Figure 2.6: 5nm Cr, 100nm Au and 20nm Cr are sequentially magnetron sputtered
on the quartz substrate. The sputtering power is kept at 50 volts, Ar ﬂow rate is
50%. Under such conditions, the sputtering rate for Cr is 14.1nm/min, and Au is
22nm/min.
Figure 2.7: The spinner was running at 6K RPM for 1 minute, and the resulting
resist thickness is about 300nm (from AFM scan with big holes right after developing
the resist). The chips were baked on a hotplate for 5 ∼ 10 minutes at 180◦C.
3. Electron Beam Lithography
This step is shown in Figure 2.8.
4. Resist Development
This step is shown in Figure 2.9.
5. Hard Mask RIE
The hard mask reactive ion etch is shown in Figure 2.10.
6. Resist Removal
This step is shown in Figure 2.11.
7. Ar Ion Milling
This step is shown in Figure 2.12.
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Figure 2.8: The resist was exposed during the electron beam lithography process
inside the scanning electron microscope with magniﬁcation of 1000X, and the dosage
was set to 0.2nC/cm (line dose).
Figure 2.9: The exposed samples were developed in ZED−N50 for 2 minutes, then
rinsed in Isopropyl Alcohol (IPA) for 1 minute, and blown dry with compressed N2.
The written patterns are then transferred onto the resist.
Figure 2.10: Cl2 reactive ion etching was used to transfer the patterns from the
resist to the hard mask.This was performed on an Oxford 80 Plus RIE systems with
Cl2 ﬂow rate at 20 sccm, and DC power at 300 W . The RIE rate for Cr is about 7
nm/min.
8. Cr Wet Etch
This step is shown in Figure 2.13.
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Figure 2.11: Resist was stripped oﬀ with “RemoverPG” at 180 ◦C on a hotplate
and may be assisted with ultrasonic bath.
Figure 2.12: Ar ion milling was then used to transfer the pattern from the hard
mask to Au. The Ar gas ﬂow was set to be 20 sccm, and with a DC power at 300W .
The etching rate for Au is about 25nm/min.
Figure 2.13: The remaining Cr on top of Au was removed with wet etching of the
Cr layer. All contamination on the Cr surface has been successfully removed and a
clean surface with hole arrays has been obtained. At this point, there might be some
undercuts for the adhesive Cr layer.
Figure 2.14 is some images taken with the samples fabricated with electron beam
lithography. By comparing with Figure 2.5, it is clear that the surface is almost
contamination free. But because of the etching process, we can not make very small
holes, like holes with a diameter less than 100nm. It is also very hard to make
complicatedly shaped apertures rather than round holes, since any sharp edges will
be rounded out during the etching process.
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Figure 2.14: The SEM (left) and AFM (right) images of the same sample show
that the surface is almost contamination-free.
2.3 Focused Ion Beam Lithography Fabrication
Focused Ion Beam (FIB) technology was developed for microelectronics in the
semiconductor industry during the 1980s. The applications of FIB are mainly as
a diagnostic tool for photomask repairing, device cross-sectioning, integrated circuit
reverse engineering and restructuring, maskless implantation, transmission electron
microscopy sample preparations 70 and ion beam assisted etching.
As a lithography technology, focused ion beam lithography is a much more straight-
forward method to make hole array samples and Figure 2.15 shows single trenched
“Bow Tie” samples made with FIB. As also shown in Figure 2.16 and Figure 2.17,
it is essentially one-step processing, and this is especially convenient to fabricate
complicated aperture shapes.
Unlike the scanning electron microscope, the FIB uses a Gallium beam for imag-
ing or drilling. Gallium is chosen because it is easy to build a gallium liquid metal ion
source (LMIS). In a Gallium LMIS, gallium metal is placed in contact with a tungsten
needle and heated. Gallium wets the tungsten, and a huge electric ﬁeld (greater than
108 V/cm) causes ionization and ﬁeld emission of the gallium atoms. These ions are
then accelerated to an energy of 5 ∼ 50 keV , and then focused onto the sample by
electrostatic lenses. Since FIB is using much heavier Gallium ions rather than nearly
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Figure 2.15: Trenched Bowtie structures made on 50nm Au ﬁlm and on 50nm Al
ﬁlm fabricated with FIB. The gaps between the two metals can be ﬁne tuned. These
structures have to be made one by one with very low ion beam current.
Figure 2.16: Square lattice triangular shaped hole array and “C” shaped hole array
fabricated with FIB on 100nm Al ﬁlms. The FIB is very capable of fabricating
complicated aperture shapes because no chemical etching process is required.
weightless electrons, it is inherently destructive, and this makes FIB a perfect tool
for drilling nanometer scale holes.
The software coming with the machine will transfer whatever you have designed
to binary stream data, which will control when and where the ion beam is going to
do the drilling job. After this drilling process, the sample is ready for use without
any cleaning or chemical process, and this makes the fabricated samples almost
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Figure 2.17: Triangular latticed annular round aperture arrays (left) and square
latticed annular triangular aperture arrays (right) on 100nm Au ﬁlm fabricated with
FIB. Those annular apertures are believed to posses the capability of more than
90% transmittance71 in the visible optical range, compared to about 10% to that of
the regular hole arrays.
contamination free. Another advantage of the FIB fabrication is it does not care
about the type of the metal to be drilled. If the metal ﬁlm is soft materials, like gold,
you can use very low current. For denser metal ﬁlms like Al, the only parameter to
change is to increase the beam current without losing too much resolution. This is
also a pretty fast process. Typically, I have been choosing 10 minutes to make 25μm
by 25μm hole arrays. With a dual-beam system, one can switch to electron beam to
check how the drilling worked and make any necessary modiﬁcations immediately.
The major drawback of the FIB lithography comes from the data converting
software. It can only handle a certain amount of data and that is why most of
the hole arrays with about 800nm spacing is only about 25μm by 25μm in size, and
this will make the following sample alignment more challenge.
2.4 Sample Characterization
The fabricated samples were usually characterized with SEM to ﬁnd out the size
of holes, the spacing of the lattice and the condition of the surfaces. Figure 2.18
shows an Atomic Force Microscope (AFM) image scan of the sputtered blanket Au
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Figure 2.18: The sputtered blanket ﬁlms we have used in this work generally have
a roughness about 1 to 2nm RMS.
ﬁlm to characterize its roughness of the surfaces. In general, the surface roughness of
the as-deposited 100nm Au ﬁlms is on the range of 1 to 2nm.
Sometimes, a white light optical spectrometer can also be used to characterize the
optical properties before any nonlinear optical study.
2.5 Conclusions and Discussions
We have demonstrated our ability to fabricate subwavelength metallic hole arrays
in the nanometer scale with decent quality. However, this is not the best way to do
this job because electron beam lithography has involved too many etching processes
and introduced too many uncertainties. As I have pointed out earlier, focused ion
beam lithography can do a much better job on the hole array fabrication.
CHAPTER 3
MEASUREMENT TECHNIQUES
In this chapter, I brieﬂy introduce the light sources and measurement techniques
used in this work. Since the hole arrays fabricated with EBL and FIB are only
hundreds of square micrometers, and in order to get high enough intensity, the incident
laser has to be tightly focused into a spot ∼ 20um in diameter, to make sure all the
incident light is hitting holes. This posed challenges to the measurements since our
angular measurements are automated and require the sample to rotate with the axis
centered right on the optical axis to maintain illumination on the same area. As a
result, we have developed an alignment technique.
3.1 Light Sources
3.1.1 Ti:Sapphire Oscillator
One of the major requirements for nonlinear phenomena to occur is light of high
intensity, and this is provided by a mode-locked Ti:Sapphire laser in this work. Tita-
nium doped sapphire is a solid state laser medium capable of tunable laser operation
over a broad range of near infrared wavelengths. Because of its broad absorption
band in the blue and green pump, energy for the lasing process can be supplied by a
standard frequency doubled Nd : Y AG or Nd : Y LF laser. The Ti:Sapphire laser we
are using is a semiclosed oscillator system from Kapteyn-Murnane Laboratories L.L.C,
pumped by a frequency doubled solid state laser from SpectraPhysics, Millennia V ,
at 532nm. The mode-locked Ti:Sapphire has a repetition rate of around 80 MHz,
and can produce about 400mW average power right after the exit mirror. A typical
mode-locked spectrum is shown in Figure 3.1. The semiclosed system allows the
operator to customize the operation of the oscillator but requires some skill to run it
stably with relatively high power and a wide bandwidth.
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Figure 3.1: The spectrum of the output from the Ti:Sapphire oscillator shows the
laser is running at 800nm wavelength with a bandwidth over 50nm. The pulse
duration was measured to be about 130fs (measured with FROG, refer to Figure 3.4)
before prism compression.
3.1.2 Regenerative Ampliﬁer
When the output from the oscillator is not intense enough even with the high peak
power, an optical ampliﬁer will then be used to amplify the power of the ultrashort
pulses. The Spitﬁre Ti:Sapphire regenerative ampliﬁer from SpectraPhysics can
amplify a single pulse from an energy of nanojoules to over 1mJ , which represents an
overall ampliﬁcation of greater than 106. Such a huge increase in peak intensity may
exceed the damage threshold of most of the optics. So, a technique called Chirped
Pulse Ampliﬁcation is used to operate the ampliﬁer without the risk of optical damage,
and the illustration is shown in Figure 3.2.
This technique was originally developed for radar applications and involves tem-
porally stretching the pulse, amplifying at reduced peak power, then recompressing
the ampliﬁed pulse to close to its original duration.
The regenerative ampliﬁer is usually running at a much lower repetition rate than
the oscillator. In our case, it is running at 1kHz. Because of this, some signal
collection techniques had to be applied to retrieve the data.
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Figure 3.2: Principle of chirped pulse ampliﬁcation: the low energy short duration
pulse is initially stretched, by as much as 10,000 times, using a single grating pulse
stretcher. A Ti:Sapphire regenerative ampliﬁer increases the pulse energy up to 106
times. A single grating compressor then recompresses the pulse to near the original
duration.
3.2 Pulse Characterization
The output pulse from the oscillator is in the femtosecond region, so it is diﬃcult to
characterize the pulse, because it is one of the shortest events in the world. However,
people have developed a way to measure the ultrashort pulse by itself. This is
called Frequency Resolved Optical Gating (FROG),72 which is shown schematically
in Figure 3.3.
Figure 3.3: The optical path of the most common and sensitive version FROG: Sec-
ond Harmonic Generation FROG. (Copyright permission of Professor Rick Trebino,
Georgia Institute of Technology. )
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The most widely used and most sensitive FROG is the second harmonic generation
FROG. It uses the pulse to gate itself, and records the autocorrelation signal through
a second harmonic generating crystal. The photodiode used for an autocorrelation
setup is replaced with a spectrometer, so the spectrum of each delay time could be
recorded. Then a two-dimensional map has been generated with x as delay time and
y as wavelength. Figure 3.4 shows a typical uncompressed FROG trace acquired.
3.3 Prism Compressor
Almost all optical materials that are transparent for visible light have a normal, or
positive, dispersion: the refractive index decreases with increasing wavelength. This
means that longer wavelengths travel faster through these materials. Usually, there
Figure 3.4: This picture shows an uncompressed FROG trace taken with the second
harmonic generation FROG setup. The horizontal axis shows the time delay between
the two beams and the vertical axis shows the spectrum at each time delay.
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are tens of optics in any experiment setup before the laser beam hits the sample. The
pulse of the output light from the oscillator is more than 125fs. In order the get
high peak intensity, a prism pair73 74 was used to provide a negative dispersion, and
compress the pulse even shorter, typically to about 30fs. Figure 3.5 shows a typical
two pair prism set to compress optical pulses, and Figure 3.6 shows the FROG trace
before and after the pulse compression.
3.4 Sample Alignment
Even though the output light from the Oscillator running at 800nm is visible
when the intensity is high enough, it is still very hard to see diﬀraction patterns after
passing through the hole arrays since only about 1 percent of the incident light can
pass through. Also the diﬀraction pattern is the only way to tell if the sample has
been well aligned. So, a He:Ne laser running at 633nm was aligned to be collinear
with the 800nm laser for this purpose, and there is no worry about sample damage.
Figure 3.7 shows the actual setup used for all the experiments included in this
work: a translational stage is ﬁxed on the optical table and can only travel in the
direction perpendicular to the laser beam. Then, the rotational sample stage has
been installed on top of the translation stage and a second rotational stage (detector
stage) is stacked onto the sample stage with an opening in the middle so that the
Figure 3.5: The Prism Compressor consists of four prisms with light incident and
exit with Brewster′s angle. (Copyright permission of Professor Rick Trebino, Physics
6567, “Ultrafast Optics”, Spring 2007, Georgia Institute of Technology.)
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Figure 3.6: The FROG traces for the pulse before (about 125fs) and after the prism
compressor (about 25fs).
sample holder can extend through the detector stage. A post is screwed to the center
of the sample stage and another stage which is capable of moving vertically is screwed
to the other side of the post and provides freedom to change the height of the sample.
A two-dimensional translation stage is then mounted onto it. All the stages had been
aligned to be as concentric as possible. The entire sample holding system is then
mounted on top of the two-dimensional translation stage.
The ﬁrst step of alignment is to make sure the sample is standing vertical. This can
be achieved by observing the reﬂection of the red laser spot through a fully collapsed
iris through which the incident laser comes in. Then by adjusting the height and
moving the knobs of the top translation stage, the diﬀraction pattern will show up
indicating one array has been aligned to the laser.
The next step is to make sure the array on the sample is placed parallel to
the optical table. The hole arrays were fabricated on a piece of quartz slide with
dimensions of about 12.5mm by 10mm, and the hole arrays are only about 80μm
by 80μm for the ones made with EBL, and only about 25μm by 25μm for the ones
made with FIB. When nanofabrication was performed under the scanning electron
microscope with the lowest magniﬁcation (in our case, it is about 50x), it is almost
impossible to align the array to be exactly parallel to the edge of the quartz slides.
This problem has been overcome by using a specially designed sample holder which
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Figure 3.7: A photo shows the actual experiment setup used in this work. From
right to left (along the laser propagating direction), focusing lens, sample holder
and assembly, collecting lens, adjustable slit, iris, ﬁlters and PMT. All the detection
components are mounted on a bar and can rotate a very large angle. On the sample
holder and assembly part, from bottom to top, one direction translation stage, sample
rotation stage, detection rotation stage, vertical translation stage, two-dimensional
translation stage, adjustable sample holder which is capable of rotating with any
angle within a plane and slightly tilting both horizontally and vertically.
has the capability to rotate and tilt to or away from the incident laser. Placing a
white card far away enough from the sample, the transmitted ﬁrst order diﬀractions
an be detected. A constant height of the diﬀraction orders is the indication that the
sample has been properly leveled.
After this preliminary adjustment, the hole array should be kept engaged with
the incident beam for any angle to which the rotational stage that houses the sample
turns. This has to be guaranteed when automatic measurements are performed. In
order to do this, two translation stages, two rotation stages and a vertical stage are
used to build up the measurement setup.
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The following diagrams demonstrate the alignment procedure. In general, a white
card is placed on the back of the sample. The He:Ne laser was ﬁrst used to align
the sample. Then, it was replaced with the 800nm laser from the oscillator and the
following alignment procedure has to be carried out again for any possible deviation of
the two optical axises. This time an infrared viewer is used to monitor the transmitted
diﬀraction order. The brightest diﬀraction is considered to be the standard for best
engagement at any sample angle.
1. The sample is mounted and adjusted as described earlier. Quite possibly, the
center of the rotation stage, the sample and the beam will not be overlapped
for each other at the position indicated as the blue dot, as shown in Figure 3.8.
The goal of the alignment is to bring the rotation center and sample to the focal
point of the laser. By only adjusting the top two-dimensional translation stage,
the hole arrays can be moved to engage with the laser beam with the help of
the diﬀraction order.
Figure 3.8: The sample has been inserted into the sample holder and engaged with
the laser beam. At this point, only the top translation stage has been used. The
vertical moving stage is not shown here because it is ﬁxed with the rotation stage
and only aﬀects the height of the sample. The two-way arrows indicate the possible
moving direction for each stage, and one-way arrows are used to tell the actual moving
direction of that step.
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2. Turn the rotation stage clockwise (in our case, turn the stage towards the
operator). Since the hole array is on the rotation center, it will move away from
the laser, and the diﬀraction order will be dimmed out (Refer to Figure 3.9 ).
3. Use the bottom translation stage to move the sample to the laser beam. Since
everything above is stacked, moving this stage moves everything in the setup.
This also brings the rotation center of the sample stage closer to the ideal
rotation center (refer to Figure 3.10 ).
Figure 3.9: Turning the rotation stage clockwise disengages the hole array from the
laser beam.
Figure 3.10: Move the bottom translation stage up and engage the hole array to
the laser beam. This will bring the rotation center of the sample stage and sample
closer to the ﬁnal rotation center.
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4. Turn the sample stage counterclockwise till the sample is at normal incidence.
Again, the sample might have lost engagement with the laser beam (refer to
Figure 3.11 ).
5. Use the top two-dimensional translation stage to bring the sample to be engaged
with the laser beam. We found out that it is necessary to always use the vertical
knob to engage the sample whenever the sample is turned towards the normal
incidence position (refer to Figure 3.12 ).
Figure 3.11: Turning the sample stage counterclockwise will disengage the hole
array from the laser beam again.
Figure 3.12: The vertical knob of the top two-dimensional translation stage is used
to bring the sample to engage with the laser beam.
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6. Keep turning the sample rotation stage counterclockwise after the sample passes
the normal incidence position (refer to Figure 3.13 ).
7. Use the horizontal knob of the top two-dimensional translation stage to bring
the hole array to the laser beam. And we also found out that this is the only
time this knob should be used. From the diagram, the hole array is getting
much closer to its ﬁnal position (the blue dot) (refer to Figure 3.14 ).
Figure 3.13: The sample will lose engagement again because the rotation center of
the sample stage is still oﬀ from the ﬁnal rotation center.
Figure 3.14: The horizontal knob of the top two-dimensional translation stage is
used to engage the hole array to the laser beam.
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8. Turn the sample stage clockwise towards the normal incidence position (refer
to Figure 3.15 ).
9. Use the vertical knob of the top two-dimensional translation stage to bring the
hole array to the laser beam. As stated earlier: always use the vertical knob to
engage the sample whenever the sample is turned towards the normal incidence
position. This ﬁnishes one whole iteration of the alignment procedure. It is
clear that after one whole trip, the hole array is getting much closer to its ﬁnal
position if it is still not aligned perfectly well (refer to Figure 3.16 ).
Figure 3.15: Turning the sample stage back to the normal incidence position.
Figure 3.16: Use the vertical knob of the two-dimensional translation stage to engage
the laser beam. This brings the setup to its original position but with much better
alignment.
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10. Repeat step 2 to step 9 if it is necessary.
11. The rotation center of the sample stage, the hole array and the focusing point of
the laser beam are aligned to the ﬁnal rotation center, as schematically shown
in Figure 3.17.
Once this is achieved, the bottom translation stage can be locked down. If a
new sample is needed, adjusting only the top translation stage with the proper knob
while rotating the sample stage will bring the sample to the focal point of the laser
beam, because the rotation center of the sample stage is already in the ﬁnal rotation
position.
The above shown procedure is just one method to achieve the alignment, and
surely there are other ways doing this. For example, the ﬁrst step would not nec-
essarily to be rotating the sample stage clockwise. But one thing to keep in mind
is: the correct translation knob should be used according to turning direction of the
rotation stage.
3.5 Detection Techniques
3.5.1 Consideration of Filters and Signal Recovery
We have measured second harmonic generation at 400nm, third harmonic gen-
eration at 266nm, and more ambitiously, we have tried to measure supercontinuum
Figure 3.17: In its ﬁnal position, the rotation center, the hole array and the stage
center should be virtually in the same position. Turning the rotation stage any
direction will not disengage the hole array and the laser beam.
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generation at 450nm, 500nm, 550nm and 600nm. Since the converting eﬃciency
is extremely low for these nonlinear processes, the transmitted fundamental light is
a big challenge for measuring the output light. Low pass ﬁlters have been used to
block out the transmitted fundamental 800nm light but let the shorter wavelengths
pass through. During most of all the measurements, a glass color ﬁlter with proper
cutoﬀ frequencies has also also been used to further block out the 800nm light, of
course, with the price of attenuating the desired wavelength. Finally, a bandpass
ﬁlter with 40nm bandwidth is used to select the wavelength of interest. A PMT
(photo-multiplier tube) is used to collect the generated wavelength, and send the
signal to an ADT converter, such as Lock-in ampliﬁer or Boxcar integrator, which is
connected to a computer.
All the nonlinear processes have been generated through the output of an oscillator
and a regenerative ampliﬁer, respectively, for diﬀerent purposes. Since the oscillator
is running at about 80MHz and the regenerative ampliﬁer is working at 1kHz, the
detection techniques are totally diﬀerent. After an incident pulse hits the sample, the
generated nonlinear signal will last about 20μs. In the case of the oscillator, there is
a pulse impact on the sample about every 10ns. Therefore, compared to 20μs, the
nonlinear signal is generating continuously. But in the ampliﬁer case, in only one
millisecond, there is one pulse that comes in. Even though its peak power is higher
than the oscillator pulse, the signal will be quickly diminished and undetectable.
Based on this, a Lock-in ampliﬁer was sensitive enough to recover the signal in the
oscillator case but a Boxcar integrator is necessary to collect the signal when the
regenerative ampliﬁer was used.
3.5.2 Angular Spectrum Measurement
Once the sample has been properly aligned, the measurements can then be carried
out. For all the measurements we have done, the incident light has been ﬁxed and
impinged on the sample through an achromatic focusing lens. By rotating the sample
and keeping the detection arm aligned with the incident light, we can measurement
the angular dependence of the transmitted fundamental light by using an ordinary
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light detector and nonlinearly generated signals with the combination of ﬁlter sets
and PMTs.
3.5.3 Radiation Pattern Scan
Parking the sample stage at a ﬁxed position and scanning the detection arm
from one side of the sample to the other side allows us to study the distribution of
the transmitted signals. Either the transmitted fundamental light or the generated
shorter wavelength lights can be scanned. If we perform the same detector scan for
each sample angle, we can generate a two-dimensional map of the transmitted light.





Historically, second harmonic generation is as old as nonlinear optics. In 1961,75
P.A. Franken, A.E. Hill, C.W. Peters and G. Weinreich, using a Ruby laser of 694.3nm
wavelength with approximately 3 joules energy in 1ms pulses, successfully generated
second harmonic from a quartz sample for the ﬁrst time. This opened a brand new
arena for optics – nonlinear optics.
In principle, second harmonic generation is prohibited from centrosymmetric ma-
terials. For square lattice round hole arrays, there is inversion symmetry with respect
to a normally incident laser. However, by varying the incident angle or the detection
angle, we can break the local symmetry of the aperture. Furthermore, we can also
engineer the arrangement of the apertures to break the symmetry introduced by the
lattice. Finally, we can even break the symmetry of the aperture itself by making the
apertures in a shape having no symmetry at all.
In this chapter, we study the optical second harmonic generation from subwave-
length metallic hole arrays. All the hole arrays used in this chapter were designed to
have an average period of 800nm, and are fabricated with the method described in
Chapter 2, with 5nm Cr as an adhesion layer, and about 100nm Au ﬁlm on top of
quartz slides.
4.1 Symmetry Issues of Second Harmonic
Generation
As one of the most important optical properties of a medium, the nonlinear
susceptibility tensors have certain forms that reﬂect the structural symmetry of the
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medium. Accordingly, some tensor elements vanish and some are related to each
other, greatly reducing the total number of independent elements.
Each material has certain point symmetry with a group of symmetry operations
{S} under which the medium is invariant. Therefore, the χ(n) remains unchanged. In
the case of second order nonlinearity, S is a third-rank (three-dimensional) tensor with
27 elements. Then, the invariance of χ(2) under a symmetry operation is explicitly
described by,
(ˆi · S†) · χ(2):(S · jˆ)(S · kˆ) = χ(2)ijk (4.1)
n such equations exist for a medium with a symmetry group that consists of n
symmetry operations. Equation 4.1 yields many relations between various elements
of χ(2), even though only a few of them are independent. These relations can be used
to reduce the 27 elements to a smaller number of independent ones.
An immediate consequence of equation 4.1 is that χ(2) = 0 in the electric dipole
approximation76 for a medium with inversion symmetry: with S being the inversion
operation, S · eˆ = −eˆ ( eˆ represents iˆ, jˆ and kˆ ), then χ(2)ijk = −χ(2)ijk = 0. This explains
why second harmonic generation can not exist for systems with inversion symmetry.
From the above analysis, the key to generate second harmonic signal out of those
symmetric systems is to break the symmetry. We had designed and built some special
experimental setups described in the following section to archive this goal.
4.2 Experimental Setup
Figure 4.1 shows the schematic experiment setups used in this work. As detailed
in Chapter 3, the only diﬀerence between the two setups is the light source and the
ADC converter. When the oscillator is used as the light source, a lock-in ampliﬁer is
suﬃcient to detect the signal. But if light from the oscillator is ampliﬁed through a
regenerative ampliﬁer, a Boxcar ampliﬁer has to be used to collect the data.
During the measurements, the incident power of the unampliﬁed case is about
75mW , while when using the ampliﬁer, the average incident power was constrained
to be lower than 0.5mW due to the 1KHz repetition rate. Our experience shows that
the samples could have been severely damaged if higher incidence power had been
used.
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Figure 4.1: The schematic of the experimental setups used for this work. The top
shows the setup when the oscillator is used as the light source and the bottom one
shows the setup with the regenerative ampliﬁer. The inset shows the coordinate
system used for the measurements, where x′ denotes the polarization direction of the
incident laser, z′ denotes the propagation direction. xy plane denotes the sample
plane. θ is the incident angle and γ is the detection angle. As illustrated, θ is positive
and γ is negative.
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4.3 Intensity Buildup Inside Apertures
FDTD calculations with the commercial package from Lumerical Solutions, Inc.
were used to ﬁnd out what was happening inside the apertures with light illuminating
from the top. In this calculation, the coordinate system is as shown in the inset of
Figure 4.1, where x is the polarization direction of the incident laser, y is along the
vertical direction and z is the propagation direction of the incident laser. The aperture
is chosen to be 250nm in diameter, the ﬁlm is designated to be 100nm thick gold ﬁlm
with 5nm chromium adhesion layer to mimic the samples used in this work.
The left column of Figure 4.2 shows the top view of the x, y and z components of
the intensity pattern at normal incidence, taken at a position 5nm below the aperture
entrance. It is very clear that at normal incidence, Ex dominates along the x axis, and
Ey dominates along the diagonal direction, suggesting that a local second harmonic
signal can arise from the surface χ(2) component between gold and air.
The right column of Figure 4.2 shows the cross-section view of the x, y and z
components of intensity distribution along the height of the aperture, and a 5nm
indention is also shown on the aperture bottom to mimic the Cr undercut caused
during the wet etch process. It is clear that almost all the ﬁeld inside the aperture is
concentrated at the entrance and exit. Even though Ey seems to more uniform along
the wall of the aperture, its overall magnitude is almost negligible.
The intensity buildup inside the aperture at normal incidence is then symmetric
with respect to the incident and detection directions. Even second harmonic signals
can be generated locally at the aperture entrances and exits due to local intensity
buildup, but for a whole aperture, the signals will be canceled out by the opposite
locations, then the signal from one single aperture is zero. For an array of such
apertures, the overall output of second harmonic generation is zero.
As the sample was rotated away from 0◦ to 30◦ (Figure 4.3), then to 60◦ (Fig-
ure 4.4), the ﬁeld distributions for x and z components are no longer symmetric,
even though the y component still retains its mirror symmetry. This indicates that
the eﬀective χ(2) is not zero any more. Also, the intensities for diﬀerent positions
are getting larger and larger, potentially suggesting the nonlinear response at higher
angle is getting stronger as the sample moves away from the normal position.
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Figure 4.2: (Reprinted with permission from Xiaojin Jiao) Top-down view (left
column) and cross-section view (right column) of the intensity distribution inside the
aperture at normal incidence. From top to bottom for the left and right columns, the
pictures show the intensity |Ex|2, |Ey|2 and |Ez|2 inside the aperture respectively.
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Figure 4.3: (Reprinted with permission from Xiaojin Jiao) Top-down view (left
column) and cross-section view (right column) of the intensity distribution inside the
aperture at a 30 degrees incidence angle.From top to bottom for the left and right
columns, the pictures show the intensity |Ex|2, |Ey|2 and |Ez|2 inside the aperture,
respectively.
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Figure 4.4: (Reprinted with permission from Xiaojin Jiao) Top-down view (left
column) and cross-section view (right column) of the intensity distribution inside the
aperture at 60 degrees incidence angle.From top to bottom for the left and right
columns, the pictures show the intensity |Ex|2, |Ey|2 and |Ez|2 inside the aperture,
respectively.
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4.4 Second Harmonic Generation from Periodic
Round Hole Arrays
We have started our second harmonic generation study with the square lattice
round hole arrays since this is the simplest case. The ﬁrst and most important
impression of Figure 4.5 and Figure 4.6 is the well-deﬁned peaks both for fundamental
transmission and second harmonic generation. According to surface plasmon theory,
the fundamental transmission peaks are deﬁned by the resonance of the surface wave.
For almost all our experimental results, the second harmonic signal always peaks near
the fundamental peak locations.
4.5 Veriﬁcation of Second Harmonic Generation
Even though we have shown quite a lot results of our second harmonic generation
studies, there is still a fundamental question that needs to be answered: are we
really measuring the signal at the second harmonic wavelength? The most direct
way would be to put a spectrometer to read the wavelength directly, but this is not
realistic because the generated second harmonic signal is so weak we have to use
PMT to detect it. Fortunately, except for using the combination of the ﬁlter set to
Figure 4.5: A square lattice round hole array fabricated with electron beam
lithography (inset) and its transmitted fundamental and second harmonic signals,
excited by a TM incident light.
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Figure 4.6: A triangular lattice round hole array (inset) and its transmitted
fundamental signal and second harmonic generation, excited by a TM incident light.
ensure the right wavelength, we have some other ways to verify we are doing things
right. We have chosen a square lattice asymmetric hole array for the veriﬁcation of
second harmonic generation signals. One of the reasons is it generates quite a strong
signal at normal incidence and this simpliﬁes the calculations quite a bit. We have
also chosen a nonzero position to verify our results. Although these studies are only
performed on a speciﬁc sample, the results should be applicable for all the samples.
4.5.1 Power Dependence of Second Harmonic Generation
Second harmonic generation intensity is proportional to the second power of the
incident light according to the classical nonlinear theory.2 Under the undepleted wave
approximation, the generated second harmonic signal will have the intensity of,












Therefore, if we plot the measured signals with the corresponding incident power,
there should be a power 2 relationship between them.
The plot and the ﬁtting in Figure 4.7 clearly show that the measured signal does
have a second order power dependence to the incident laser power.
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Figure 4.7: Power dependence of second harmonic generation from a square lattice
asymmetric hole array with the hole array sitting at 45 degree, one of the second
harmonic generation peak positions.
4.5.2 Angular Distribution of Second Harmonic Generation
For surface plasmons on a two-dimensional lattice, the momentum conservation
is given by,
Ksp = Kxxˆ+ iGxxˆ+ jGyyˆ (4.3)
where Ksp is the surface plasmon wavevector, Kx = (2π/λ)sinθ is the component of
the wavevector of the incident light that lies in the plane (θ = 0 for normal incidence),
Gx and Gy are the reciprocal lattice vectors of the two-dimensional photonic crystal,
and i and j are integers. In the case of a square lattice with lattice constant a0,
the reciprocal lattice vectors are simply Gx = Gy = 2π/a0, and the conservation of

























where d is the dielectric constant of the medium in contact with the metal and m is
that of the metal.
Combining equation 4.4 and 4.5, we have the angular position of the extraordi-
















where i, j are also called mode numbers.
Figure 4.8 shows the angular distribution of the transmitted fundamental signal
peaks, corresponding to the diﬀerent modes from two diﬀerent interfaces.
Even though equation 4.6 has been derived for fundamental transmission, it also
very well describes the location of the second harmonic generation peaks from our
experiments.
Wood’s anomaly can also be used to describe the valleys of the fundamental trans-
mission. Using the same idea for momentum conservation, the angular distribution
of valley positions can be described by the following equation,
Figure 4.8: Angular distribution of the extraordinary transmitted fundamental
power from an array of round holes. Diﬀerent peaks originate from diﬀerent interfaces















where i, j are mode numbers.
Figure 4.9 shows the angular distribution of the transmitted fundamental signal
valleys, corresponding to the diﬀerent Wood’s anomaly modes from two diﬀerent
interfaces.
Accordingly, the fundamental valley positions should also correspond to second
harmonic generation valley positions.
Even though the peak position calculation is only performed for fundamental light,
from the FDTD calculation and the experimental results, we can say that upon the
condition of enhanced light transmission, optical intensity buildup inside aperture
occurs, so the second harmonic generations also peak at the corresponding positions.
But the second harmonic generation is way more sensitive than fundamental, there
are also places the second harmonic generation don’t peak up but the fundamentals
do.
Figure 4.9: Angular distribution of Wood’s anomaly from an array of round holes.
The valley positions are associated with diﬀerent interfaces (Au-air or Au-glass), and
are well deﬁned by equation 4.7.
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4.5.3 Diﬀraction Pattern of Second Harmonic Generation
Another way to verify if the measured signals are second harmonic or not is
from the diﬀraction pattern. The detected far-ﬁeld radiation pattern is the result
of sources of second harmonic radiation which are periodically arranged. From





It is assumed that, at the second harmonic wavelength, there is no coupling between
the apertures due to the surface waves, because the surface plasmon polariton propa-
gation distance is less than the aperture spacing.77 If the second harmonic SPP were
not negligible, additional phase matching considerations would come into play.83 For
the square lattice, and assuming that the optical wavevectors have only xˆ and zˆ
components, equation 4.8 can be written as:




As shown in Figure 4.5, this equation closely describes the trajectories of the
second harmonic generation peaks.
Table 4.1 gives the diﬀraction peak positions of the calculated and measured values
shown in Figure 4.10. The measurements and the calculation matched very well.
The choice of incident angle at zero degree may cause some confusion if the
equation 4.9 only works for the normal incidence. To clear this ambiguity, we have
also chosen another incident angle at -24 degrees and repeated the same plotting and
Table 4.1: Diﬀraction peak positions for the second harmonic generation for a square
lattice metallic hole array. The sample was sitting at zero degree, so θ is 0. The lattice
constant a0 was ﬁtted to be 880nm even though it has been designed to be 800nm.
The wavelength used here is 800nm. All calculations are based on equation 4.9. The
angles θ and γ are shown in Figure 4.1. The numbers shown on ﬁrst row are diﬀraction
orders.
θ=0 -2 -1 0 1 2
Calculated γ -65.4 -27.0 0 27.1 65.4
Measured γ -65 -27 0 27 65
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Figure 4.10: The diﬀraction order distribution of second harmonic generation from
a square lattice asymmetric hole array. The sample is at normal incidence. The
diﬀraction orders are: -2, -1, 0, 1 and 2, respectively, from left to right.
calculation, and the theory and the experiment results were again well matched, as
shown in Table 4.2 and Figure 4.11.
Another better way to look at this is to look at the whole two-dimensional scan
of the same sample. This two-dimension scan shown in Figure 4.12 picks up the
diﬀraction order distribution at all the available incident angles. The contour map
on the top of this plot are the calculated diﬀraction peaks. As a matter of fact,
Figure 4.10 and Figure 4.11 are the cross-section view of Figure 4.12 at zero degree
and -24 degrees.
Table 4.2: Diﬀraction peak positions for the second harmonic generation for the
same square lattice metallic hole array shown above. The incidence angle for this one
is -24 degrees. The lattice constant a0 was ﬁtted to be 880nm even though it has
been designed to be 800nm. The wavelength used here is 800nm. All calculations
are based on equation 4.9. The angles θ and γ are shown in Figure 4.1.
θ=-24 -1 0 1 2 3
Calculated γ -59.5 -24.0 2.7 30.2 73.1
Measured γ -59 -24 3 30 73
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Figure 4.11: The diﬀraction order distribution of second harmonic generation from
the same hole array as used in Figure 4.10. The sample is sitting at -24 degrees. The
diﬀraction orders are: -1, 0, 1, 2 and 3, respectively, from left to right. Compared to
Figure 4.10, the positions of the diﬀraction orders shift as the incident angle changes.
Figure 4.12: Two-dimensional scan of second harmonic generation from a square
lattice round hole array (shown in the inset) and the calculated results.
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4.6 Second Harmonic Generation from Quasi-Periodic
Round Hole Arrays
The Penrose arrangement has ﬁve-fold rotational symmetry, and has 10-fold rota-
tional symmetry in the reciprocal space, as plotted in Figure 4.13, with peaks indexed
by the transverse spatial frequencies fx and fy. Since the reciprocal space is densely
packed as compared to that for a square lattice (i.e. there are no primitive vectors),
not all peaks are plotted, only those of suﬃcient magnitude that can be distinctly
identiﬁed from our measurements.
As a comparison, the same Fourier transform had also been performed for a
disordered hole array, as shown in the right hand side of Figure 4.13. Unlike the
Penrose arrangement, which possesses rotational symmetry in the real space, there
are no lattice arrangements or symmetry for disordered array. Then in the reciprocal
space, there are no other peaks besides the DC.
Figure 4.14 and Figure 4.15 are the transmitted second harmonic generation from
a Penrose round hole array and a disordered round hole array with same averaged
spacings.
Figure 4.13: The calculated reciprocal space of a Penrose (left) and a disordered
(right) arrangement. The diameter of each peak is indicative of its magnitude. The
red circles represent the spatial frequencies that are used in the ﬁtting of diﬀraction
orders in the experimental plots, which are fx = 0,1.35,1.65, 2.65, 2.95, and 4.25
1/μm. For the disordered array, there is only one strong DC shown in the reciprocal
space.
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Figure 4.14: A Penrose arranged round hole array SEM image (inset) and its
transmitted two dimensional second harmonic generation scan. Most of the diﬀracted
energy has been distributed to the normal detection and the background is getting
less distinctive than the square lattice array because of the reduced symmetry.
Figure 4.15: A disordered round hole array SEM image (inset) and its transmitted
two-dimensional second harmonic generation signal. Since the array is highly disor-
dered, there is no symmetry for the array at all. So as a whole, the array can not
distribute any energy to any oﬀ-axis directions.
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From square lattice to Penrose structure to disordered arrangement, the degree
of symmetry of the lattices is decreasing, so the peaks of the fundamental and second
harmonic generation are getting much less distinctive. With disordered array, there is
no peak at all because the holes are distributed randomly, and there is no symmetry
for the array either.
4.7 Mathematical Model for Absence of Peaks
at Normal Incidence
For many of the second harmonic measurements we have seen so far, there is no
peak at normal incidence for all kinds of lattice arrangements. There is a simple
mathematic model which is capable of providing an explanation. Looking at the
intensity distribution inside the aperture shown in Figure 4.2, it is reasonable to
approximate the second harmonic generation from each aperture as two point sources
on the opposing sides of the aperture and aligned along the polarization direction of
the incident light. Inversion symmetry demands that these two point sources be out
of phase. Mathematically, the array of second harmonic generation source terms can

















in real space, where d is the aperture diameter and Λ is the lattice spacing. By
taking the 2-D Fourier transform (with fx and fy the transverse spatial frequencies),
the second harmonic generation can be expressed in angular space as:
comb(fxΛ)sin(πfxd)comb(fxΛ) (4.11)
Because of the sin factor in equation 4.11, the second harmonic generation diﬀrac-
tion pattern has no zeroth order (i.e. where fx = 0). Furthermore, opposing
diﬀraction orders must be out of phase with respect to each other, meaning that
if detected symmetrically, they would interfere destructively and cancel. This is the
case for the measurements done with the detector parked alongside with the incident
light. But if the detector is not detecting symmetrically, as in the case γ not equal to
zero, the diﬀracted second harmonic generation signal should be able to be detected.
This is true as shown in the following two-dimensional scans.
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The expression in equation 4.11 also predicts that for higher diﬀraction orders, the
intensity follows sin2(πfxd), which has been shown for SH from arrays of symmetric
particles.79
4.8 Second Harmonic Generation from
Asymmetric Hole Arrays
Another way to break symmetry is to change the symmetry of the aperture
itself. The aperture was designed to be a three-armed star-like structure, with angles
between adjacent arms to be 90o, 120o and 150o. So there is no rotational symmetry
for the aperture itself. In this case, the inversion symmetry of the aperture has been
broken so as to introduce asymmetry in the local ﬁeld distribution.80 81 82
The same FDTD calculation was carried out and the intensity distributions inside
the aperture under normal incidence are shown in Figure 4.16.
It is apparent that the intensity distribution is more complex than that of the
round aperture, with Ex and Ey components reaching roughly the same magnitudes.
Even though the magnitudes of both Ex and Ey are less than that obtained for Ex
with the round aperture, none of them could be canceled at normal incidence, which
provides the possibility of a nonzero χ(2).
The break of the aperture symmetry is exhibited from the second harmonic
generation signal shown in Figure 4.17 and Figure 4.18 at normal incidence. They
are not zero or minimum any more because of the local symmetry breaking of the
apertures themselves.
4.9 Conclusions and Discussions
With all the samples we fabricated, we have generated second harmonic signals
from each one of them successfully.
Generally, the extraordinary optical transmission follows the prediction of surface
plasmon theory. The second harmonic is generated from the apertures and peaks
under the condition of localization of incident light at the fundamental frequency
at the incidence angles corresponding to enhanced transmission. Therefore, on the
transmission angular spectrum, the second harmonic generations are strongly angular
dependent and follow the trend of the fundamental transmission.
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Figure 4.16: (Reprinted with permission from Xiaojin Jiao) Top view of feld
distribution inside asymmetric apertures at normal incidence. From top down, they
are |Ex|2, |Ey|2 and |Ez|2 respectively.
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Figure 4.17: An AFM image of a square lattice asymmetric hole array (inset) and the
double angle scan for the transmitted second harmonic signal. A second harmonic
generation peak clearly shows up at the normal incidence, and the energies have
been distributed to well-deﬁned positions because of the highly ordered square lattice
arrangement.
Figure 4.18: A Penrose lattice asymmetric hole array SEM image (inset) and the
double angle scan for the transmitted second harmonic signal. Even though the
second harmonic generation signal at normal incidence is clearly seen, the oﬀ-normal
signals are much weaker due to the reduced symmetry.
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Symmetry played the most important role in the generation of second harmonic
signal.
1. Very diﬀerent behavior in the second harmonic emission pattern is observed as
a function of lattice arrangement. The disordered arrangement cannot produce
oﬀ-axis SH peaks because of the lack of any short-range or long-range periodicity
that would allow for coherent addition of local sources in directions oﬀ that
of the fundamental. The Penrose arrangement is quasi-periodic, allowing this
coherent addition to occur, but with weaker diﬀraction eﬃciency than obtained
for a periodic lattice.
2. The symmetry can be broken with oﬀ-axis illumination and oﬀ-axis detection.
Our calculations and experiments suggest that upon oﬀ-axis illumination, sec-
ond harmonic generation from the two point source of the aperture can not
be canceled out, so there are peaks at oﬀ-axis incidence but not at normal
incidence.
3. The symmetry can also be broken by breaking the symmetry of the aperture it-
self. Because of the lack of symmetry of the aperture, the local ﬁeld distribution
at normal incidence is no longer symmetric as that of the symmetric apertures.
Then a distinctive peak at normal incidence shows up.
CHAPTER 5
THIRD HARMONIC GENERATION FROM
SUBWAVELENGTH METALLIC
HOLE ARRAYS
Compared to second harmonic generation, which is prohibited in many cases
because of symmetry, the constraints of third harmonic generation are much looser,
and essentially, it is always allowed. On the other hand, the nonlinear susceptibility
responsible for third harmonic generation is orders of magnitude smaller than the
second order susceptibility,4 but to increase the laser power by orders of magnitude
is not trivial, so the overall result is that it is not easy to generate higher order
harmonics and that is why ﬁeld enhancement is so important.
In this chapter, we report results on third harmonic generation from subwavelength
metallic hole arrays. We have used the mode locked output from the oscillator and
high energy output of a Ti:Sapphire regenerative ampliﬁer as the incident light. In
both cases, we have successfully generated third harmonic signals with very similar
results.
5.1 Third Order Nonlinearity
With the third order χ(3) nonlinear susceptibility, the generic process is four wave
mixing χ
(3)
lmno(ωi;ωj, ωk, ωl). Of particular interest is the degenerate case, where ω1 =
ω2 = ω3 = ω, resulting in third harmonic generation.
Third harmonic generation in the limit of negligible pump depletion is simi-
lar as that for second harmonic generation with P (2)(2ω) replaced by P (3)(3ω) =
χ(3)(3ω = (ω + ω + ω) : E(ω)E(ω)E(ω). Since χ(3) is usually small, and the laser
intensity is often limited by optical damage in the medium, the conversion eﬃciency
for third harmonic generation is very low.
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One of the most eﬃcient ways of generating a third harmonic is to have two
nonlinear media in series and making use of phase matched χ(2). The ﬁrst medium
generates a second harmonic beam. The transmitted fundamental beam and the
second harmonic output beam are then combined in the second medium to yield
a third harmonic output by sum frequency generation. With a suﬃciently intense
fundamental beam, the overall eﬃciency of THG can be fairly high.1
5.2 Some Experimental Considerations
Since the third harmonic wavelength at 266nm is in the ultraviolet regime, and
can be strongly absorbed by many materials, care needs to be taken to collect and
detect the generated signal.
First of all, the substrate must be transparent to UV light. Fortunately, all of our
samples use quartz as a substrate, so the generated third harmonic can easily pass
through a relatively thick quartz slab of about 1 mm without losing too much power
according to the transmission curve provided by the vendor shown in Figure 5.1.
Another very important aspect is the right detector. The H5784 − 03 PMT
provides very good optical response at 266nm and has almost no response to the
Figure 5.1: The speciﬁcations for the glass ﬁlter used for third harmonic generation
measurements. The glass ﬁlters are made from UG5 from ThorLabs.
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fundamental wavelength at 800nm, as shown in Figure 5.2. Combined with properly
chosen spectral ﬁlters, it works very well to detect the generated third harmonic
signals.
There are two spectral ﬁlters used to detect the third harmonic signal from the
metallic hole arrays. After passing through the collecting lens, the generated signal
is ﬁltered by a color glass ﬁlter UG5 from ThorLabs, which has a pass band around
220nm to 400nm. The transmitted signal is then further selected by an interference
bandpass ﬁlter with 20nm passband centered at 265nm.
There are also restrictions for the optics used to collect the signals, and one of
the most important is the collecting lens right after the sample. When taking second
harmonic generation measurements, since the wavelength at 400nm is longer than
266nm, we do not have any diﬃculty of collecting second harmonic signal with regular
achromatic doublets as the focusing lens. But when we ﬁrst try to measure third
harmonic generation with the same achromatic collecting lens, there is no response
from the PMT at all. The achromatic doublet is too thick to let any short wavelength
Figure 5.2: The speciﬁcations for the detector used for third harmonic generation
measurements. The detector is from Hamamatsu with part number H5784-03.
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light to pass through. As soon as we switched to a focusing lens made from fused
silica, we obtained very strong third harmonic signal.
We also used the output light from a Ti:Sapphire regenerative ampliﬁer as the
light source, and a boxcar averager system was used to collect data. The schematics
shown in Figure 5.3 show the setup we have used for the third harmonic generation
measurements.
5.3 Third Harmonic Generation from Square
Lattice Hole Arrays
Just like second harmonic generation, we believe that the surface plasmon en-
hancement plays an important role in third harmonic generation. When surface plas-
mon modes are excited, the electric ﬁeld inside the holes is strongly enhanced, leading
to the extraordinary optical transmission. The enhanced fundamental transmission
also generates transmission peaks of the third harmonic signal, since its intensity is
proportional to the third power of the intensity of the fundamental intensity.
Figure 5.3: The boxcar averager system used to measure the generated third
harmonic from the metallic hole arrays. A single channel is used with baseline
subtracted, presumably giving cleaner results. Instead of using the chopper speciﬁed
in this diagram, we have used a regular mechanical chopper modulated by the output
from the boxcar and running at half the frequency of the boxcar, 500Hz, allowing
continuous baseline subtraction.
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According to theory, the fundamental beam couples to the surface plasmon po-

















where i, j are mode numbers and λ0 is the wavelength of the incident light which
is 800nm in our work. So accordingly, the transmitted third harmonic generation
should have very similar angular distribution.
As a comparison, both second and third harmonic generation from a same hole
array are shown in Figure 5.4. It is clear from this plot that:
1. As we have discussed for second harmonic generation, the third harmonic signal
follows the transmitted fundamental signal trend better than second harmonic
generation.
2. Unlike second harmonic generation, third harmonic generation is allowed at
normal incidence.
Figure 5.4: SHG and THG normalized signal from a square lattice round hole array
and the corresponding fundamental transmission from the same hole array. The holes
are fabricated on 100nm Au ﬁlm with a 5nm Cr adhesion layer. The holes are about
250nm in diameter and arranged in a square lattice with about 910nm spacing.
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3. Another diﬀerence between second harmonic generation and third harmonic
generation is that the third harmonic peaks at exactly the same sample an-
gle, but almost all the second harmonic generation angles are slightly oﬀ the
fundamental peaks.
4. In theory, SHG intensity should be proportional to the square of transmitted
fundamental power, and THG to the cubic of transmitted fundamental power. If
we plot the normalized transmitted power, the square of normalized transmitted
power and normalized SHG intensity together, as shown on the top plot in
Figure 5.5, the curves did not match very well, especially at lower angles.
Figure 5.5: Comparison of normalized fundamental transmission, its second order
power and third order power, second harmonic generation and third harmonic gener-
ation from a square lattice round hole array.
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However, if we plot the normalized transmitted power, the cubic of normalized
transmitted power and normalized third harmonic generation intensity together,
as shown on the bottom plot in Figure 5.5, the curves matched much better.
This also indicates that the symmetry did not play as important a role for third
harmonic generation as that of the second harmonic generation.
Figure 5.6 shows the comparison of third harmonic generation measurements with
the boxcar averager system and the lock-in system. We found very similar results from
the lock-in ampliﬁer with an oscillator as the light source. As a matter of fact, all
the experimental setup is the same, except that the light source and the ADC or the
signal averaging part are diﬀerent.
5.4 Veriﬁcation of Third Harmonic Generation
The same questions arise as in the second harmonic generation: are these signals
really third harmonic generated from the incident light? The simplest way to ﬁnd
out the answer is to use a spectrometer to measure the wavelength of the output
Figure 5.6: Comparison of the detector scan for measurements taken from a regular
Ti:Sapphire oscillator and a regenerative ampliﬁer. The samples are fabricated at the
same time and went through the same processes, but the sample for the ampliﬁer has
220nm of SiO2 on top. The samples were sitting at zero degrees so the incidences
were at normal. In the case of the oscillator, the average power was about 40mW ,
and about 0.3mW when the ampliﬁer was used.
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from the hole arrays, but it is not practical because of the extremely low conversion
eﬃciency. There is also another ambiguity for third harmonic generation: unlike
second harmonic generation, it is not forbidden for any medium, so any material
exposed on the incident light might will contribute to the output signal, like signals
from metal ﬁlm itself, or even the signals from the quartz substrate.
Similar to what we did to identify second harmonic generation, we also use power
dependence, angular dependence and diﬀraction patterns to distinguish the diﬀerent
sources of the third harmonic generation.
5.4.1 Power Dependence
Just like second harmonic generation, power dependence is the ﬁrst thought when
it comes to verify that the generated signals are really third harmonic. Figure 5.7
shows the power dependence of the generated third harmonic signal. The measure-
ments were taken with bare quartz and pure Au ﬁlm sitting at normal incidence, and
from a hole array at 45 degrees to maximize the signal. All the curves show a cubic
power dependence, which at least suggests that the measured signals are from third
harmonic generation.
Figure 5.7: Power dependence of the third harmonic signal from bare quartz, pure
Au ﬁlm and a square lattice round hole array. The corresponding ﬁtting curves show
a power dependence very close to 3.
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5.4.2 Angular Dependence
Power dependence of the output alone can only prove the measured signals are
resulting from a three-photon process, but do not answer the questions of whether the
signal is from the hole array or from the pure metal ﬁlm, or even from the substrate.
Angular dependence can provide further evidence to distinguish the source of the
signal. If the signal is from the quartz substrate, there will not be any diﬀerence
between the sample at normal incidence and the sample at an oblique angle, except
that the optical path will be slightly longer. If the signal is from the metal ﬁlm, the
signal will be very weak.
Figure 5.8 shows the third harmonic signals from a piece of quartz slide and a
100nm Au ﬁlm. The third harmonic signal from quartz decreases when the sample
is turned away from normal incidence. In the case of pure Au ﬁlm, the variation
of the third harmonic generation signal level is much smaller because the Au ﬁlm is
primarily reﬂecting. The sudden drop at 50 degrees is probably caused by Fresnel
Figure 5.8: The angular distribution of third harmonic generation from quartz
substrate (left) and 100nm gold ﬁlm (right). The maxima appear at normal incidence
and there are no other third harmonic generation peaks. The measurements were
performed with output from a regenerative Ti:Sapphire ampliﬁer with an average
power of about 0.3mW .
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reﬂection from the quartz substrate and this matches very well the sudden drop from
that of quartz.
Comparing Figure 5.4 and Figure 5.8, it is very clear that there is negligible
contribution to third harmonic generation from the quartz substrate and gold ﬁlm.
In contrast, the angular dependence of the hole array is dominant.
5.4.3 Diﬀraction Pattern at Third Harmonic
Generation Wavelength
There is still one question remaining: is the three photon process third harmonic
generation? To answer this, we can look at the diﬀraction pattern at the output,
which can only be produced by a coherent process. For a square lattice hole array
with lattice constant Λ, after coupling out from the holes, there are diﬀraction orders
on the back of the sample, described by the following equation,




where λ is the fundamental wavelength, and m is the diﬀraction order, which can
have the values of 0, ±1, ±2, · · ·
According to equation 5.2, the third harmonic diﬀraction peaks for a square lattice
hole array will appear at the positions shown in Table 5.1. The calculated peak
positions for all the diﬀraction orders match the measurements very well, as shown
in Figure 5.9 for the diﬀraction scan of a square lattice of round holes at normal
incidence.
We have also performed the same calculation for the same sample at diﬀerent
incident angles in order to exclude any coincidence for certain situations which only
Table 5.1: Diﬀraction peak positions for the third harmonic generation from a
square latticed metallic hole array. The sample was sitting at zero degrees, so θ
is 0. The lattice constant a0 was ﬁtted to be 880nm even though it has been designed
to be 800nm. The wavelength used here is 800nm. All calculations are based on
equation 5.2. The angles θ and γ are shown in Figure 4.1.
Diﬀraction Order m -3 -2 -1 0 1 2 3
Calculated γ -67.7 -38.1 -18.0 0 18.0 38.1 67.7
Measured γ -68 -38 -18 0 18 38 68
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Figure 5.9: The diﬀracted third harmonic generation signal from the square lattice
round hole array. The incidence was at normal incidence. The diﬀraction orders for
the third harmonic generation shown here are: -3, -2, -1, 0, 1, 2, 3 respectively from
left to right. The holes are fabricated on 100nm Au ﬁlm with 5nm Cr adhesion layer.
The holes are about 250nm in diameter and arranged in square lattice with about
880nm spacing.
apply to normal incidence. We have picked another peak position at -48 degrees and
the results are shown in Table 5.2 and Figure 5.10.
On the other hand, if we scan the detector with pure quartz or bare Au ﬁlm
sitting at normal incidence, which is the position for them to have the largest third
harmonic signal, we did not see any diﬀraction orders (except the 0th order or the
direct transmission) at the third harmonic wavelength (266nm for 800nm incidence
laser), as shown in Figure 5.11.
Table 5.2: Diﬀraction peak positions for the third harmonic generation from a square
latticed metallic hole array. The sample was sitting at θ = −48 degrees. The lattice
constant a0 was ﬁtted to be 880nm even though it has been designed to be 800nm.
The wavelength used here is 800nm. All calculations are based on equation 5.2. The
angles θ and γ are shown in Figure 4.1.
Diﬀraction Order m 0 1 2 3 4 5
Calculated γ -48 -26.1 -7.9 9.6 28.0 50.5
Measured γ -48 -26 -8 9 28 50
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Figure 5.10: The diﬀracted third harmonic signal from a square lattice of round
holes with sample sitting at -48 (γ = −48o). The diﬀraction order for the third
harmonic generation shown here is: 0, 1, 2, 3, 4, 5, respectively, from left to right.
Because the sample is shifted in one side, the diﬀraction orders on one side did not
exist, and more diﬀraction orders on the other side appear.
Figure 5.11: Detector scan for the quartz substrate and 100nm gold ﬁlms. There is
only one peak when the detector is aligned with the incident light and it is clear that
there are no diﬀraction peaks. The measurements were performed with output from
a regenerative Ti:Sapphire ampliﬁer with an average power of about 0.3mW .
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From Figure 5.8, 5.9 and 5.11, we are very conﬁdent that the measured third
harmonic signals are really generated from the metallic hole arrays, not from the
substrate, nor from pure gold ﬁlm.
The diﬀraction pattern can be more clearly seen by the two-dimensional scan,
as shown in Figure 5.12, for the third harmonic generation from a square lattice
asymmetric hole array. The third harmonic generation signals are shown at the
angles predicated by equation 5.1 and equation 5.2.
On the other hand, as shown in the same Figure 5.12, the third harmonic gener-
ation from a hole array of the same unit aperture, but with disordered arrangement,
has no clear third harmonic generation diﬀraction pattern, except along the line where
the detector angle aligned with the incidence angle.
After independent veriﬁcation from the three diﬀerent methods, we are now con-
ﬁdent that the output signals are really third harmonic generation, and they are
generated from the hole arrays, not from the quartz substrate or the gold ﬁlm.
The contributions of the substrate and pure gold ﬁlm only provide a constant and
decreasing background for our measurements. We can also see that the quartz
substrate contributes more to the third harmonic generation than gold ﬁlm, but
when we focus the laser on the hole arrays, this eﬀect has been minimized. This also
proves that we engaged with the hole arrays very well during the whole measurement
processes.
5.5 Conclusions and Discussions
We have successfully measured third harmonic generation signals from subwave-
length metallic hole arrays.
The generated third harmonic generation signals also have very strong angular
dependence, and the third harmonic generation transmission peaks follow the trans-
mission peaks of the fundamental wavelength, which indicates that third harmonic is
generated upon intensity buildup inside the apertures.
The third harmonic generation diﬀraction orders are more compactly positioned
comparing to those of the second harmonic generation when scanning the detector,
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Figure 5.12: Third harmonic generation from asymmetric hole arrays. The top
plot shows the AFM image of a square lattice arranged asymmetric hole array and
the well-deﬁned third harmonic generation signal. The bottom plot shows the SEM
image of a disordered asymmetric hole array and the third harmonic signal detected
from it. Even though both hole arrays have the same unit apertures, the third
harmonic generation diﬀraction patterns are totally diﬀerent.
and this also validated that the wavelength we have been working at is really at the
third harmonic wavelength, which is shorter than the second harmonic wavelength.
Similar to second harmonic generation, lattice arrangement also has strong im-
pact on the transmitted third harmonic generation. Unique to the third harmonic
generation, there is always a strong signal at the normal incidence because of the
lacking of symmetry constraints.
CHAPTER 6





Harmonic generation is very sensitive to minor variations of the samples if we
keep the incident laser constant. In this chapter, we have studied factors which might
aﬀect the generation of harmonics, like the adhesion layer, period of lattice, aperture
shapes, and ﬁlling materials in the holes.
6.1 Eﬀects of Adhesion Layer
A practical issue not always addressed for plasmonic structures is the adhesion
layer. Oftentimes, a thin layer of Cr is used to promote the adhesion of Au to
a glass substrate. However, Cr is a highly lossy material, and can cause signiﬁcant
attenuation of surface plasmon polariton propagation at the metal substrate interface.
In order to study the eﬀects of adhesion layers, we have used Cr and T iO2 with
diﬀerent thicknesses as adhesion layers. We have followed exactly the same nanohole
array fabrication process for those types of samples.
The method of sputtering the Cr adhesion layer has been described before. To
sputter the T iO2 adhesion layer, we have used reactive sputtering by introducing
O2 to the sputtering process. We have kept the ﬂow rate of Ar and O2 gases at
the ratio of 1 : 1 during sputtering. After this, we have let the pure O2 gas ﬂow
through the chamber for about 10 minutes in order to fully oxidize the T i layer.
Then without opening the chamber, 100nm gold ﬁlm and the top 20nm Cr cover
layer were sputtered. Since the T iO2 layer is only less than 10nm, it should have
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been etched through by the Ar ion milling. Also one advantage of using T iO2 as the
adhesion layer over Cr is, during the last step to remove the top Cr layer, the Cr
wet etchant is less likely to attack T iO2, then the undercut might be avoided.
6.1.1 Eﬀects on Plasmonic Fluorescence Enhancement
As a parallel eﬀort to study the adhesion layer eﬀect on the plasmonic ﬁeld
enhancement, we have made some 200nm thick Au ﬁlms on top of Cr, T i and T iO2
adhesion layers with diﬀerent thicknesses on 150μm thick quartz coverslips. A single
aperture of about 120nm87 88 round hole was then deﬁned by FIB on all the test
ﬁlms.
Florescence correlation spectroscopy (FCS) was used to detect the single molecule
ﬂorescence enhancement from a ﬂuor. The results shown in Figure 6.1 indicate that in
the case of 10nm TiO2, the ﬂorescence can be enhanced as high as a factor of 25. This
is a solid evidence that upon optimized adhesion layer, the ﬁeld inside a nanoaperture
can also be greatly enhanced, since the ﬂuorescence emission of an emitter located
inside a nanoaperture may be aﬀected in two ways: by the local enhancement of the
excitation intensity, or by the modiﬁcation of the electromagnetic environment of the
emitter.
Figure 6.1: (Copyright permission of H. Aouani) Experimental schematic for single
molecule ﬂorescence detection and simpliﬁed results for ﬂorescence enhancement. The
ﬂuor used here is Alexa-Fluor 647, which is a commonly used dye with emission
spectrum ranging from 650 to 710nm and peak emission at 670nm, and is excited by
a 633nm He-Ne laser.89
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6.1.2 Eﬀects on Second Harmonic Generation and
Third Harmonic Generation
In order to explore the adhesion layer eﬀects on second order and third order har-
monic generations, we had made the second harmonic generation and third harmonic
generation double angle scans on a Cr adhesion sample, shown in Figure 6.2, and a
T iO2 adhesion sample, shown in Figure 6.3.
There is not much diﬀerence in the output signal levels for both second harmonic
generation and third harmonic generation, which is contrary from what we expected.
One possible reason is the harmonic signals are generated at the top surface. So if
Figure 6.2: Double angle scan of second harmonic generation (top) and third
harmonic generation (bottom) for a metallic hole array with 5nm Cr adhesion layer
and 100nm Au, and the holes are arranged in square lattice with diameter of about
250nm. Incident light is from the oscillator with average power about 40mW .
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Figure 6.3: Double angle scan of second harmonic generation (top) and third
harmonic generation (bottom) for a metallic hole array with 5nm TiO2 adhesion
layer and 100nm Au, and the holes are arranged in square lattice with diameter of
about 250nm. Incident light is from the oscillator with average power about 40mW .
there is a diﬀerence between the adhesion layers, they can only impose some limited
inﬂuences on second harmonic and third harmonic generation.
However, there are some diﬀerences between the second harmonic and third har-
monic signals from diﬀerent adhesion layers. The signals from the Cr adhesion
layer have a higher level of background luminescence. The ones with T iO2 have
almost no background. Furthermore, the second harmonic generation signal from the
T iO2 adhesion layer is almost twice that of the Cr adhesion layer under the same
experimental conditions.
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6.2 Eﬀects of Lattice Constant
The angular distribution of the extraordinary optical transmission for a square

















Here, a0 is the lattice constant of the hole array. When all the other conditions are
held constant, such as keeping incident wavelength λ0 at 800nm, the peak positions
will shift with change of the lattice constant a0. Figure 6.4 plotted the measured
fundamental transmission signal from hole arrays with diﬀerent lattice spacings.
It is clear that all the fundamental transmissions have followed the description of
equation 6.1. And as the spacing becomes larger, the ﬁrst peak has been shifted to a
longer wavelength (or larger incidence angle in our case).
Similarly, the diﬀraction pattern also changes with the variation of lattice constant.
Here we have used Λ to denote the lattice period, as illustrated in Figure 6.5.








Figure 6.4: Fundamental transmission from a series of round hole arrays arranged
in a square lattice with diﬀerent spacing but having approximately the same aperture
sizes. This sample has 5nm TiO2 as an adhesion layer and 100nm Au ﬁlm.
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From these equations, we can see, for both second harmonic generation and third
harmonic generation, the diﬀraction peaks are positioned further away with smaller
lattice spacing. Both second harmonic generation and third harmonic generation
diﬀraction orders follow the prediction of equations 6.3, as shown in Figure 6.5.
A clear trend can be seen if we plot together the second harmonic and third har-
monic generations from a series of hole arrays with the same aperture size but diﬀerent
spacing, as shown in Figure 6.6. For second harmonic generation, all the angular peak
positions shown here possess the characteristics we have discussed earlier: there is
Figure 6.5: The diﬀraction order distribution of second harmonic generation and
third harmonic generation from square lattice metallic hole arrays with diﬀerent
lattice constant: 550nm, 650nm and 700nm. The incident angle is zero degrees.
With the increase of the lattice constant, the ±1 orders appear at larger diﬀraction
angles. The measurements are taken from hole arrays on the same chip with 5nm
TiO2 and 100nm Au and fabricated with the method described before.
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Figure 6.6: The angular distribution of second harmonic generation and third
harmonic generation from the same samples used in Figure 6.4.
minimum intensity at normal incidence because of the inversion symmetry of the
hole array, and the peak positions follow the description of equation 6.1. For angular
distribution of the third harmonic generation for subwavelength metallic hole arrays,
we would have expected a peak at normal incidence, because there is essentially no
restriction for third harmonic generations at zero degrees incident angle. For both
second harmonic generation and third harmonic generation, they all follow the peak
positions of the fundamental transmission and also shows the angular shifts.
6.3 Eﬀects of Aperture Shape
It has been shown previously that aperture shape has a strong inﬂuence on second
harmonic generation at normal incidence, because the second harmonic generation
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will be canceled out due to symmetry of the hole array and the aperture itself.
By breaking the symmetry of the aperture itself, we can generate strong second
harmonic signal at normal incidence. There are strong third harmonic generation
signals at normal incidence because there is no symmetry restriction. For the third
harmonic generation, the eﬀect of the asymmetric aperture itself is to raise the overall
signal level by about eight times, as shown in Figure 6.7, due to changes in ﬁeld
enhancement. Then it would be reasonable to extrapolate that optimization of the
aperture shape may allow for even greater third harmonic conversion to be obtained.
Figure 6.7: Double angle scan of third harmonic generation from square latticed
metallic hole arrays, with 5nm Cr adhesion layer, and 100nm Au. The asymmetric
hole array (top) produce about 8 times stronger third harmonic signal than that from
a round hole array (bottom).
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6.4 Eﬀects of Aperture Size
Keeping the aperture spacing at about 885nm, we have investigated the eﬀects
of varying the aperture size on the fundamental transmission, second harmonic gen-
eration and third harmonic generation from round hole arrays composed of diﬀerent
aperture sizes. We have fabricated all the hole arrays on the same sample, and made
the measurements within a relatively short time period to phase out all other factors
which might complicate our experiments.
Figure 6.8 shows the fundamental transmission results from the samples of dif-
ferent hole sizes, but same spacings. From 250nm to 420nm diameter holes, the
fundamental transmission increases with increasing aperture size. This is expected
since larger holes will allow more light to pass. All the samples showed peaks almost
at the exact same position, which are determined by equation 6.1.
There is something we thought might be interesting about the relative height of
the third harmonic peaks, as the results show in Figure 6.9. For hole arrays with
diﬀerent sizes, at the ﬁrst two peaks near zero and 10◦, third harmonic generation
decreases with aperture size, while at the third peak (near 30◦) the third harmonic
generation intensity increases with aperture size, and at the fourth peak near 50◦,
it decreases again. Individual apertures have cutoﬀ frequencies,84 85 below which
group velocity is minimized, resulting in an increase in intra aperture intensity. This
Figure 6.8: Fundamental transmission from samples of diﬀerent hole sizes, but all
have same spacing about 885nm arranged in square lattice.
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Figure 6.9: Second harmonic generation and third harmonic generation from a set
of hole arrays having diﬀerent hole size, but having the same spacing of about 885nm
with square lattice arrangements.
explains why the third harmonic generation intensities decrease at 0◦, 10◦ and 50◦.
For the increase at 30◦, the fundamental diﬀerence between these two cases lies in
the localization of the enhanced electromagnetic ﬁeld. At 30◦, the surface plasma
polariton is localized at the substrate interface, where greater ﬁeld overlap with the
substrate occurs, so third harmonic generation is increased with aperture size.
6.5 Eﬀects of Filling Materials
What would happen if the nanoholes are ﬁlled with materials, like SiO2 or SiNx
in our case? In order to study the eﬀects of the linear and nonlinear behavior to ﬁlling
materials, we have used plasma enhanced chemical vapor deposition (PECV D) to
grow a layer of SiO2 or SiNx on top of our samples, and also inside the holes. All
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the ﬁlms are thicker than the Au ﬁlm thickness (100nm) to make sure the holes are
fully ﬁlled. Then the same measurements are performed on these samples.
There are apparent peak shifts for the third harmonic peak positions, as shown in
Figure 6.10, which correspond to the fundamental extraordinary transmission, even
at normal incidence. This peak shift can be related to the m in equation 6.1. SiNx
has a refractive index of about 2.05,86 and this has shifted the position where the
third harmonic generation appears, except at normal incidence.
On the other hand, the diﬀraction order of the second harmonic and third har-
monic generations do not shift at all for hole arrays with and without the nonlinear
ﬁlling material shown from Figure 6.11. Again, the explanation can be traced back to
equation 6.3. Since there is no parameter of the material showing up in this equation,
the diﬀraction peaks will appear at the same position as long as the incident angle is
the same.
The samples ﬁlled with about 200nm SiO2 also showed similar behaviors for both
sample scan and detector scan.
6.6 Conclusions and Discussions
More or less, all the factors we have studied here have aﬀected the nonlinear
processes, namely second harmonic generation and third harmonic generation.
Figure 6.10: The angular distribution of third harmonic generation from a hole
array ﬁlled with 245nm SiNx and a hole array without any ﬁlling.
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Figure 6.11: Third harmonic diﬀraction peaks at diﬀerent incident angle: 0 degrees
(left) and -45 degrees (right) for a hole array ﬁlled with 245nm SiNx and a hole array
without any ﬁlling. Both samples have 5nm Cr as the adhesion layer.
An adhesion layer like Cr is inherently very lossy. But we did not see too much
diﬀerence between the Cr adhesion layer and the T iO2 layer, which is suppose to be
much less lossy while providing the same level of adhesion capability. One possible
reason is that the nonlinear signal is generated on the incident side. The best way to
test this would be fabricating samples with the same thickness Au ﬁlm on the same
thickness Cr and T iO2 layers, and fabricate the hole arrays with the same method,
preferably focused ion beam lithography, since it will avoid any diﬀerence from the
holes.
The eﬀect of lattice spacing is very obvious from our results. With the variation
of lattice constants, the surface plasmon enhanced transmission shifted their peak
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positions in the angular spectrum, and shifted the generated second harmonic and
third harmonic peaks accordingly.
Filling the apertures with materials like SiO2 and SiNx should presumably en-
hance the nonlinear conversion eﬃciency since the SiO2/Au and SiNx/Au interfaces
should have greater χ(2) and χ(3)than the air/Au interface. This needs further
exploration because we have not seen this eﬀect yet from our results. Since SiO2 and
SiNx have a higher refractive index than air, one role they have played in our study is
to shift the extraordinary transmission peak positions in our angular spectrum. But
the diﬀraction distribution did not change because the nonlinear ﬁlling should only
change what happens on the incident side or inside the holes but not anything on the
output side.
The most prominent attribute of the aperture shape is the nonlinear eﬀect at
normal incidence. By breaking the symmetry of the aperture itself but preserving the
symmetry of the lattice, it can generate a second harmonic peak at normal incidence
which is absent in case of hole arrays with inversion symmetry. One other contribution
to the nonlinear process is to increase the overall signal level by about eight times, as





For many of the second harmonic generation spectrum measurements, there exists
a broadband background, 90 91 92 and Figure 7.1 shows a couple of examples. This
strong background signal had been widely attributed to luminescence generation from
noble metals.
Some of our results also showed this same characteristic background as the plot
shown in Figure 7.2, even though we were not directly measuring the transmitted
Figure 7.1: Second harmonic generation spectrum showing nonzero, broad-band
luminescence background. The left92 is a transmission spectrum through a square
lattice subwavelength Au square hole array, the peak at 830nm is the fundamental
transmission attenuated by color glasses, and the peak at 415nm is the generated
second harmonic signal. The inset of the left image clearly shows that the second
harmonic signal is sitting on top of a broad band multiphoton luminescence back-
ground. The right90 is the reﬂected second harmonic generation from a roughened Ag
surface, which possesses similar characteristics to the left one: the second harmonic
generation peak is extremely sharp compared to the luminescence background.
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Figure 7.2: One of our experimental results showing third harmonic generation
with broadband luminescence background. This plot shows a detector scan of third
harmonic generation from a square lattice hole array with sample parked at -48
degrees. The sample used here has about 250nm diameter holes arranged in square
lattice with 880nm spacing, and the ﬁlm is a 5nm Cr adhesion layer and 100nm Au
ﬁlm. The broadband luminescence background on this spectrum is very clear.
second harmonic generation or third harmonic generation wavelength spectrum, but
the angular spectrum.
Usually, the second harmonic generation signal shows as a very sharp peak on
the spectrum, like the one on the right of Figure 7.1, but should have almost no
background at all. So the question is what is the origin of the luminescence back-
ground. The understanding of the nature of this background may help us to study
supercontinuum generation from hole arrays, which is a coherent process.
The angular scan technique used here provides a unique method to distinguish
luminescence from harmonic generations and supercontinuum generation: lumines-
cence shows up in the angular spectrum as a broad background due to the fact that
it is an incoherent emission, while the coherent emission will have distinctive peaks
through “angular ﬁltering”, as shown for second and third harmonic generation. In
the same way, if supercontinuum from a hole array could be observed, we should be
able to get distinguished peaks by scanning angular spectrum for all the wavelengths.
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7.1 Luminescence from Noble Metals
Luminescence from noble metals was ﬁrst discovered96 from gold and copper by
optically excited radiative recombination of electrons and holes in metals, and the
schematic band structure is shown in Figure 7.3. Photoluminescence is one of the
luminescence types which can be excited through many methods, such as nuclear
radiation (scintillation), mechanical shock (triboluminescence), heat (thermolumi-
nescence), chemical reactions (chemiluminescence), and electric ﬁelds ( electrolumi-
nescence).
There are two prerequisites for luminescence: ﬁrst, the luminescent material must
have a semiconductor-like band gap structure with nonzero band gap Eg; second,
energy must be provided to this material before luminescence can take place. The
second requirement can be easily satisﬁed by the energy sourced mentioned above.
For noble metal, like Au, the d bands and sp band are separated about 1.8eV at kF .
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For a roughened metal surface98 or nanostructurized metal surfaces,97 99 luminescence
has been greatly enhanced due to localized surface plasmon resonances.




During double angle scan for second and third harmonic generation measurements,
we have encountered a broad band background, as shown in Figure 7.4. We attribute
the background to multiphoton luminescence.
Multiphoton luminescence is an nth order nonlinear process depending on how
many photons are involved in the process. Multiphoton luminescence has gained
attention from many researchers, especially those working on ﬂuorescence imaging,
because it is an up-conversion process and can be used to generate ultraviolet ﬂo-
rescent images from visible or near infrared excitations.93 94 It allows spectral
separation from the excitation light and from the induced ﬂuorescence due to the
utilization of a long wavelength, which only requires inexpensive ordinary visible or
near infrared optical components rather than expensive ultraviolet adaptable optics
such as nonﬂuorescent ultraviolet objective lenses.95
Figure 7.4: Double angle scan of third harmonic generation from square lattice
asymmetric hole array with 5nm Cr adhesion layer and 100nm Au. Except the
distinguished third harmonic signals, a broad band background can be clearly seen
throughout all the incidence and detection angles.
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7.2.1 Luminescence and Harmonic Generations
Multiphoton luminescence and corresponding harmonic generations are all nth
order nonlinear optical processes, and they have the same power dependence, as shown
in Figure 4.7, Figure 5.7 and Figure 7.4. For example, two-photon luminescence and
second harmonic generation are both second order nonlinear processes, and three-
photon luminescence and third harmonic generation are both third order nonlinear
processes.
We believe that we have detected both harmonic generation and multiphoton
luminescence when we were scanning the detector while parking the sample at a
certain angle. To make this clear, we have split the results into pure harmonic
generation peaks and the multiphoton luminescence background. To simplify this
analysis, we have simply removed the peak data, taken the values on both sides right
next to the bottom of the peaks, and averaged them to get the background values
for the peak detector angles, as shown in Figure 7.5. For the plot of the harmonic
generation peaks, we have subtracted the background values from the measurements.
It is clear that the harmonic generation and luminescence background have totally
diﬀerent behavior after diﬀraction from the metallic subwavelength hole array. In
other words, the two-dimensional grating has served as a angular ﬁlter to distinguish
the two types of signals: harmonic generation is a coherent process, so they will be
diﬀracted by the two-dimensional hole array to speciﬁed angles, then the diﬀraction
patterns are well-deﬁned peaks. On the other hand, multiphoton luminescence is
incoherent, so the generated luminescence will be at all directions. Then after the
diﬀraction grating, they will appear to be broadband. When the detector is aligned
with the normal direction of the hole array, the transmission will be the highest.
As the detector moves away from this normal position, more light will be scattered
away by the walls of the holes, so the signal drops as the detector moves. Finally, a
dome-like background was formed on the angular spectrum.
7.2.2 Power Dependence of Multiphoton Luminescence
In order to ﬁnd out what the backgrounds are on the angular spectra, we have
measured the power dependence of the background with respect to the incident laser
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Figure 7.5: Detector scan of the third harmonic generation from a square lattice
round hole array with sample setting at 48 degrees. The plot on the top is the original
scan and the plot on the bottom is the separated third harmonic peaks (purple) and
luminescence background (blue).
power. Since the detector scan gives a much clearer vision of the luminescence
background, we have parked our sample at 45 degrees, which is one of the transmission
peaks, and scanned the detector from one side of the sample back to the other side,
with diﬀerent incident laser power. This way, we can have the power dependence of
the peaks, which are harmonic generation, and luminescence background at the same
time. The data shown in Figure 7.6 are chosen with the detector at zero degrees.
According to our calculation, there should not be anything except the background.
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Figure 7.6: Power dependence of multiphoton luminescence. The two-photon
luminescence (2PL) shows a power 2 dependence and the three-photon luminescence
(3PL) shows a power 3 dependence. To make these measurements, the sample has
been parked at a 45 degree incident angle, then a detector scan is performed at
diﬀerent incident power levels. The two-photon luminescence was taken along with
second harmonic generation measurements and the three-photon luminescence with
third harmonic generation measurements.
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7.3 Supercontinuum and High Harmonic Generation
Supercontinuum generation is the phenomenon when narrow band incident laser
pulses propagating through a nonlinear medium undergo extreme nonlinear spectral
broadening to yield a broad band (usually a white light) spectrally continuous output.
The ﬁrst supercontinuum generation was reported by Alfano and Shapiro101 102 in bulk
glass. Since then, it has been the subject of numerous investigations in a wide variety
of nonlinear media, including solids, organic and inorganic liquids, gases, and various
types of waveguides, to explore the applications in diverse ﬁelds, such as spectroscopy,
pulse compression and the design of tunable ultrafast femtosecond laser sources.
As an interesting and very challenging physical phenomenon, supercontinuum
generation involves the whole range of classical nonlinear optical eﬀects, like self-phase
modulation, cross-phase modulation, four-wave mixing, stimulated Raman scattering,
and so on. And they all add up together to produce emissions with extremely broad
spectra.
In the year 2000, Ranka et.al103 ﬁrst demonstrated white light supercontinuum
generation from a microstructured photonic crystal ﬁber (PCF ) and the major re-
sults are quoted in Figure 7.7. The solid-cored PCF oﬀers additional degrees of
freedom than conventional optical ﬁber by modifying the hole size and periodicity to
engineer the dispersion properties, like anomalous group-velocity dispersion (GVD) at
wavelengths as short as 1μm, thus making it possible for any femtosecond laboratory
to carry out continuum-related nonlinear studies.
High-harmonic generation by focusing a femtosecond laser into a gas is a well-
known method of producing coherent extreme ultraviolet light,104 105 106 This nonlin-
ear conversion process requires high pulse intensities, greater than 1013 W/cm2, which
are not directly attainable using only the output power of a femtosecond oscillator. By
utilizing the local ﬁeld enhancement induced by resonant plasmons within a metallic
nanostructure consisting of bow-tie-shaped gold elements on a sapphire substrate, S.
Kim107 has generated harmonics up to 17th order by just using the output laser from
a standard T i : Sapphire oscillator, as sown in Figure 7.8. This has opened a way to
generate higher order harmonics from the metallic hole arrays, since the similar local
ﬁeld happened inside the holes according to our results.
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Figure 7.7: Photonic crystal ﬁber (PCF ) used by Ranka103 to generate white light
supercontinuum (top). The parameter of the ideal hexagonal structure is Λ=1.7μm
(pitch) and φ=1.3μm (hole diameter). The image on the right shows the optical
spectrum of the generated continuum from the microstructured ﬁber. The inset of
the dashed curve shows the spectrum of the initial 100fs pulse.
Another good example of local ﬁeld enhancement responsible for possible super-
continuum generation has already been demonstrated by P. Muhlschlegel,108 as shown
in Figure 7.9. The resonant optical antenna are simply two nanometer sized gold bars
separated about 20nm, and the incident laser used in this work was an 8ps pulsed
laser with an average power of about 150μW . It is possible what they have seen
is instead multiphoton luminescence because the spectrum they have shown cannot
distinguish the multiphoton luminescence from the supercontinuum generation.
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Figure 7.8: Bow-tie-shaped gold nanostructures103 shown in the left SEM image,
with a gap of about 20nm between the two triangle shaped elements, have the
capability of enhancing the local ﬁeld intensity by a factor of 20-40dB. The image on
the right shows the up to 17th order harmonic generation from the injected argon gas.
Only odd orders have been observed here because the antenna is centrosymmetric.
Figure 7.9: (Copyright permission for P. Muhlschlegel) The nanometer scaled
optical antenna used by P. Muhlschlegel? to generate supercontinuum and the power
dependence of the spectrum of the supercontinuum.
A rough caparison of the experimental parameters P. Muhlschlegel used and what
we are using makes the study of supercontinuum generation from hole arrays quite
promising. Their power density of incident light is about 3.75×107 W/m2 (with
150μW power delivered on a 2×2 μm2 area). In our case, the power density is on
the order of 2.4×108 W/m2 (with 75mW power focused on a spot with diameter of
about 20μm) which is one order higher than what they have been using. And more
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importantly, we are using a femtosecond pulse rather than picosecond ones, with
which it is easier to see the four-wave mixing process.
7.4 Preliminary Work on Supercontinuum
Generation
We have tried to generate supercontinuum from the hole arrays, but with no
success. According to the theory we have come up with from the results of second
harmonic generation and third harmonic generation, if there is any supercontinuum
generated, for example, with wavelength ﬁltered at 500nm, 600nm, 700nm, etc. we
should be able to resolve them unambiguously by scanning the diﬀraction pattern
through the hole arrays, just like with second order and third order generation,
and the preliminary results are shown in Figure 7.10. Since the scattered light will
have diﬀerent wavelength corresponding to the selected ﬁlter sets, the transmitted
supercontinuum should be diﬀracted at diﬀerent angles.
Figure 7.10: Our preliminary results for supercontinuum generation. For those
measurements, we have parked the samples at one of the maximum positions of
the fundamental transmission. The red curve was taken with the sample at 25
degrees, and the blue curve at 1 degree. For each wavelength, we have used two
short pass ﬁlters 50nm longer than that and a corresponding bandpass ﬁlter with
20nm bandwidth on each side.
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Again, we have used both the oscillator and regenerative ampliﬁer as the light
sources, for concern that the oscillator cannot provide pulses with high enough in-
tensity. But unfortunately, we still have not seen any expected results so far. Only
a luminescence background was observed with no distinctive peaks. The possible
reason might be the local ﬁeld enhancement is not high enough. Therefore, our best
chance might be to switch to apertures with other shapes, for example, bow-ties,109
110 111 which presumably have much better capability to enhance the local ﬁeld in
between their tips.
When we were trying to generate supercontinuum from the hole arrays, un-
avoidably, the background luminescence will always be there. The same method
used to distinguish second harmonic generation and third harmonic generation with
diﬀraction should be used for the same purpose.
7.5 Discussion and Conclusions
We have conﬁrmed two- and three- photon luminescence from the hole arrays, but
the question why we could not detect any supercontinuum signal is still wide open.
The results we have found so far are most likely just multiphoton luminescence,
and we need to modify our aperture designs, and to compare power dependence
of luminescence at higher incidence power. If we see fourth power scaling without
distinctive peaks for diﬀraction spectrum at all wavelengths, then that will provide
evidence that supercontinuum can not be generated from the hole arrays.
CHAPTER 8
FUTURE WORK
As a conclusion, I am going to brieﬂy discuss problems associated with future
sample fabrication with electron beam lithography and dry etching, and possible
solutions to overcome the obstacles. Based on our results and understanding of what
was happening inside the apertures and with the array as a whole, some future work
is also proposed in this chapter.
8.1 Nanofabrication Issues
So far, we have reported our work on nanofabrication to produce nanometer scale
hole arrays on thin metallic ﬁlms, especially on Au ﬁlms. There are more challenges
to fabricate the same kind of hole array samples on Al ﬁlms since Ar plasma physical
bombardment is not very eﬀective to etch Al. Also, the grain size of sputtered
aluminum is on the order of 100nm, as shown in Figure 8.1, which basically eliminates
any possibility of wet etching. In contrast, the grain size of gold is smaller than 50nm.
Aluminum has already been widely used in nanofabrication industry, but with the
capability we have in the University of Utah, we have to approach it from other ways.
As we have discussed earlier in Chapter 2, by introducing a thin layer of chromium
as a hard mask, we have successfully fabricated samples for this work. But the
shortcomings of this method are also very obvious: we can not make very ﬁne
structures; we can not make complicated structures; damage on the substrate is
possible; and this method is basically limited to work on soft materials like gold or
cooper, any material harder than chromium is not going to work. For instance, we
can not use this method to make any sample on Al ﬁlm, because aluminum very
easily forms an oxide layer and it is very dense and resistant to Ar plasma physical
bombardment.
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Figure 8.1: Nanoapertures fabricated on 100nm Au and Al ﬁlms with FIB. These
images clearly show the diﬀerent grain size of those two material, which have been
sputtered with the same tool at similar conditions. For Au, the grain size is normally
in the range of 20 to 30nm, while the grain size of Al is about 50 to 100nm.
The nanofabrication method we have used so far is a top-down method, in which
we have all the ﬁlms sputtered prior to any fabrication process. Then all the nanofab-
rication steps are carried out on top of the ﬁlms and work proceeds downwards.
One possible solution might be a bottom-up approach (or lift-oﬀ) as shown in
Figure 8.2. In the lift-oﬀ case, the photoresist will be negative tone resist, like SU -8
fromMicroChem.100 After exposing to electron beam, the molecules of the resist will
be interconnected and the exposed area will survive after development. In general,
negative resists have excellent resistance to RIE and dry etching, but the disadvan-
tage is that it is diﬃcult to strip it oﬀ once it is stuck on the substrate. OmniCoat
will allow easier stripping of hard-to-remove photoresists and other materials. It is a
polymer which is not sensitive to the electron beam so it will not be exposed during
the EBL process. After development, it can be plasma etched with the protection
of the negative photoresist, to expose the substrate for the next step. Then 5nm Cr
or any other equivalent adhesion layer and the gold ﬁlm with desired thickness (but
not recommended for over 50nm) can be thermally evaporated to ﬁll the resist-free
area. Finally, the chip is then immersed into a resist stripping solution, like Acetone
or RemoverPG. Since OmniCoat can be easily dissolved, the negative photoresist
can then be stripped away. Metal ﬁlms will be left and the areas exposed will be the
114
Figure 8.2: The lift-oﬀ process with negative tone photoresist and utilizing electron
beam lithography. Etching process has been minimized to reduce the uncertainties
and provide better control of fabrication.
holes. This method is potentially capable of making structures smaller and make the
surface cleaner because the etching process has been minimized.
The other way out is to improve our current process by working out a better RIE
recipe for gold. Ar ion milling did an adequate job on gold etching because gold
is very soft, but it also etches other materials. Since it is an isotropic process, the
structures have been unavoidably broadened. Ideally, we should have a recipe which
only etches gold and leaves the mask layer untouched.
8.2 Quantum Dots in Nanohole Arrays
Similar to what we have done in our earlier works, we can ﬁll the hole arrays
with quantum dots rather than dielectric layers. Quantum dots are semiconductor
nanostructures that conﬁne the motion of conduction band electrons, valence band
holes, or excitons (bound pairs of conduction band electrons and valence band holes)
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in all three spatial directions. Small quantum dots, such as colloidal semiconductor
nanocrystals, can be as small as 2 to 10 nanometers, as schematically shown in
Figure 8.3. The spatial electronic conﬁnement imposed by such a small volume
produces energy levels with separations such that in the presence of an external
perturbation, there will be induced transitions among these levels. If the quantum
dots are arranged in a way that the self-consistent electromagnetic responses of all
the quantum dots also induce resonances through the local ﬁeld, this will greatly
enhance the second harmonic generation by a factor of 2000 compared to that of the
bulk samples.112 The biggest challenge for quantum dots is that they are typically in
the colloidal form and not easily arranged into a desired lattice arrangement.
However, the hole arrays have provided an ideal platform to provide the resonant
feature of the local ﬁeld needed for the enhancement of second harmonic generation
from quantum dots. The quantum dots will be placed within about 5 nanometer
proximity to the metal surface via a self-assembled monolayer formed with a quantum
dot conjugated protein, such that direct energy transfer between the quantum dots
excited state and surface plasmon modes occurs. With the presence of nanohole ar-
rays, the coupling between the surface plasmon modes and excitation of the quantum
Figure 8.3: Conjugated quantum dots can be precisely placed inside the nanoholes
even by a single layer with assistance of chemistry methods.
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dots might happen, then, we would be able to see large enhancement of the second
harmonic generation.
Since quantum dots have tunable absorption and emission bands, as illustrated
in Figure 8.4, it would be interesting to study the behavior of the absorption and
emission of the quantum dots with the presence of nanohole arrays.
Take the QD800 for example. It will absorb 400nm light and emit 800nm light.
If it were illuminated with a 800nm laser, 400nm second harmonic generation will
be produced, but the QD800 is supposed to absorb 400nm and emit 800nm. Which
eﬀect dominates will probably depend on the competition of the two processes. If we
use an OPA to generate a pump laser at 1600nm, 800nm second harmonic will be
generated and it should be resonantly enhanced.
Another idea of putting quantum dots into the nanoholes is to try to make a
nanoscale laser, which is produced by the interaction between quantum dots excited
by an external optical pump source and surface plasmon oscillations in a thin metal
ﬁlm. The surface plasmon mode will be ampliﬁed via stimulated emission 114 from
the quantum dots. Laser emission would occur when the surface plasmon oscillations
are scattered away from the nanohole arrays, thus achieving nanoscale laser output.
Figure 8.4: Absorption and emission spectra of diﬀerent types of quantum dots.113
The solid lines are the absorbency spectra, and the dotted lines are the emission
spectra for the quantum dots.
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8.3 Metamaterials
A metamaterial115 is a material that gains its properties from its structure rather
than directly from its composition. To distinguish metamaterials from other compos-
ite materials, the metamaterial label is usually used for a material that has unusual
properties, such as a negative refractive index or inﬁnite inertia (which are not found
in naturally occurring materials).
In 1999, J. B. Pendry116 proposed theoretically that microstructures built from
nonmagnetic conducting sheets (the so-called double split-ring-resonator or SRR)
could exhibit magnetic properties, and enhanced nonlinear optical properties could
also arise.
In practice, people are using single split-ring-resonators rather than double SRRs,
as shown in Figure 8.5.
A SRR is essentially a small LC circuit consisting of an inductance L and a
capacitance C, where the ring forms one winding of a coil which gives the inductance
and the ends of the ring form the plates of the capacitor. This combination of magnetic
atoms117 (split rings) and electric atoms (metallic wires) with negative permeability
and permittivity can lead to materials with a negative refractive index. By tuning the
lattice constant of densely packed SRRs smaller than the LC resonant wavelength,
the SRR array can exhibit a resonance behavior of the magnetic permeability, with
Figure 8.5: Two types of metamaterials. The split-ring-resonators (SRRs) have
been widely studied in the microwave region and the trilayer metamaterial has
only been theoretically studied but might be a good candidate for nonlinear optical
studies.122
118
a magnetic resonance at the LC resonance frequency ω = 1√
LC
118 . In 2004, people119
generated magnetic response of SRR metamaterials at 100 terahertz, which corre-
sponds to 3μm wavelength. Magnetic response in telecommunication (200 terahertz,
1.5μm) and visible frequencies (370 terahertz, 800nm) was reported one year later
by using the same SRR metamaterials. However, it is almost impossible to get down
to the visible regime,120 because at the low-frequency regime up to several terahertz,
the magnetic resonance frequency scales reciprocally with the structure size, but at
high frequencies, this linear scaling breaks down.
However, there is another type of metamaterial composed in a quite diﬀerent
way other than the SRRs but are more relevant to what we are doing. This kind
of metamaterial is the combination of subwavelength metallic hole arrays and MIM
metamaterials, as schematically shown in Figure 8.6.
Zhiming Huang etc.121 proposed a pair of parallel thin metallic plates separated by
a dielectric medium (MIM). Here is how it works: when an external electromagnetic
ﬁeld is exerted on it, the 	E and 	H ﬁelds will excite an electric current in the
parallel plates. And a displacement current will also be excited by a time-varying
electromagnetic ﬁeld which ﬂows between the plates. If the structure is misbalanced,
there will be a nonzero net current between the plates. Therefore, a virtual current
Figure 8.6: Schematics of top view and cross-section of proposed metamaterials.
Viewed from top, this kind of metamaterial is the same as regular subwavelength
metallic hole arrays. But from the cross-section, they are sandwiched layers: metal-
insulator-metal. The unbalance can be realized in two ways: the two metal layers are
the same metal but with diﬀerent thickness, or the two layers have diﬀerent materials
with same thickness, or both the materials and thickness are diﬀerent.
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loop (V CL) will be formed along a contour through the plates and the dielectric
medium. Theory122 has shown by drilling a hole array on a trilayered metamaterial,
one can achieve magnetic excitations arising from the localized SPP s at the optical
regime down to visible range.
From the results we have found so far, the subwavelength metallic hole array alone
cannot generate supercontinuum. By properly engineering the aperture spacing and
thickness of diﬀerent layers, we can localized the electric ﬁelds inside the apertures,
excite and trap slow light modes inside the insulating layer. If resonance condition
is reached, we might be able to achieve higher nonlinear optical conversion, and even
generate supercontinuum out from this kind of structure.
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